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1. Introduction 
 
1.1. General Introduction 
 
Numbers are extremely valuable in everyday life. At first sight they might appear as one 
integrated entity; however, in order to deal with numbers, multiple basic number 
representations are activated, and the external representations, that are picked up by 
perceptual processes (e.g., reading an Arabic number or hearing a spoken number word) and 
the internal representations (i.e., the mental processes and procedures that are involved in 
comprehension, calculation, and production of numbers  - this information has to be retrieved 
from memory) interact with and influence each other. These basic number representations are 
described in the triple-code model of number processing (Dehaene, 1992).  
 
People in our culture are familiar with two different ways of expressing natural numbers: 
verbal numerals are used for conversation and sometimes small numbers are written down as 
number words whereas Arabic numerals are usually used for writing down numbers or for 
calculation. Every educated adult can switch without major difficulty from one notational 
system to the other: for instance he/she is able to write down an Arabic number to dictation or 
to read an Arabic number aloud. This step of translating numbers from one notational system 
to another one is called “transcoding” and is regarded as one of the core abilities in 
developing number processing. It is used in everyday activities such as telling the time, 
reading out a price, or taking note of telephone numbers, and it is also an important 
prerequisite to carry out calculations. However, these transcoding processes are not that easy 
as it seems at first sight; children need several years of training to acquire these skills (Noël & 
Turconi, 1999; Power & Dal Martello, 1990; 1997; Seron & Fayol, 1994) and they seem to be 
rather sensitive to brain damage (Deloche & Seron, 1982 a, b; Seron & Deloche, 1984; Seron 
& Noël, 1995). 
 
There are numerous kinds of verbal number systems throughout the world that differ in their 
internal structure: they vary of course in their lexical contents but also regarding their syntax, 
i.e., the base of their system or how the individual lexical units are composed in order to form 
one numeral (Comrie, 2005). So, consequently, also the transcoding mechanisms of these 
verbal systems differ from each other.  
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Children learn the verbal number system long before they learn to read or write Arabic 
numbers, and this order of acquisition seems to have an influence also on the transcoding 
process. The structure of the verbal system influences the difficulty of comprehending and 
acquiring numbers in mathematical operations: when comparing children using different 
verbal number systems it has been noticed that the types of transcoding errors reflect their 
verbal form (Lochy, Delazer, Domahs, Zoppoth, & Seron, unpublished manuscript). This 
means that a weak Whorfian effect in number processing can be observed: the linguistic 
structure of number words may influence the way numbers are processed (Whorf, 1956). 
Therefore, an important issue in recent studies concerning number processing is how and to 
what extent number processing depends on language (for language-specific effects see also 
Brysbaert, Fias, & Noël, 1998; Nuerk, Weger, & Willmes, 2005).  
 
First, the triple-code model (Dehaene, 1992) with its different mental representations of 
numbers will be described. One important aspect of this model is the verbal word frame that 
includes transcoding. Then this representation will be explained in some more detail: how 
transcoding evolves in young children and what has been found in previous cross-linguistic 
studies. Also different transcoding models, which try to account for how transcoding is 
actually done, will be presented and it will also be explained where the advantages and 
disadvantages of these models lie and where they still need modification.  
 
In order to find language-specific differences when transcoding to and from the Arabic 
number system, the verbal German number system - a rather intransparent system - and the 
verbal Japanese number system - a very transparent system - were used in this study. It will be 
discussed where the difficulties of these number systems lie and therefore give rise to errors in 
transcoding tasks with first grade children. Also a short survey is given about trans-linguistic 
developmental studies with Asian children who show superior mathematics achievement as 
compared to Western children in various aspects of mathematical skills. Therefore the 
transcoding tasks were furthermore supplemented with other numerical tasks examining the 
understanding of the base-ten and place-value system (understanding the place-value system 
of the Arabic number system is of great importance for transcoding and calculation with 
multi-digit numbers) and addition. The aim was to find out if and to what extent differences 
can be observed in general (the overall error rate) but also more specifically (errors reflecting 
the intransparencies of the respective number word systems). We further were interested in 
how the different skills may be connected to each other.  
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1.2. The triple-code model 
 
The most influential cognitive and neuropsychological model about how numbers are 
represented is the triple-code model by Dehaene (1992) with its neuro-anatomical embedding 
(Dehaene & Cohen, 1995, 1997). In its original version the model assumes three distinct core 
representations: the visual Arabic form, the verbal word frame and the magnitude 
representation.  
 
The visual Arabic number form is assumed to be located bilaterally in the fusiform gyrus 
(Brodmann area BA19/37). It is used to recognise written strings of Arabic digits as 
meaningful symbols or to write down Arabic digits but without representing their numerical 
information. This form is important e.g., for arithmetical operations with multi-digit numbers 
or parity judgement. 
 
The verbal word frame that can be presented visually or auditory (again without its numerical 
information) is mainly used for counting or mental arithmetic related to number fact retrieval 
(addition, multiplication) but also for transcoding. It is assumed to be located in perisylvian 
areas of the (left) hemisphere dominant for language processing. 
 
Finally, the magnitude representation contains the numerical information as a nonverbal 
(abstract) semantic representation of the size and distance relations between numbers. It 
mediates subitizing, estimation, and approximate calculation. This representation is thought to 
be subserved bilaterally in the inferior parietal cortex. 
 
These three core representations are connected with each other bi-directionally not only 
within one hemisphere but also across both hemispheres for the visual Arabic number form 
and the magnitude representation. 
 
Nuerk, Graf and Willmes (2006) furthermore suggested three extensions to this model, 
namely strategic, conceptual and procedural knowledge (that is required to use the three core 
representations correctly when performing calculation), the spatial representation of numbers 
(which in our culture can be envisaged as a mental number line with smaller numbers on the 
left, and larger numbers on the right side) and the representation of the Arabic place-value 
system (which is essential for the understanding and processing of multi-digit numbers).  
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1.3. Transcoding 
 
This study is concerned with the second core principal representation of the triple-code 
model: the verbal representation. Transcoding implies the acquisition of the Arabic number 
system and its link to the verbal system and is one of the most basic tasks indexing this verbal 
representation. 
 
In this section, it will be described how transcoding develops in young children and how 
linguistic peculiarities influence these transcoding skills. Then different types of transcoding 
models will be presented that account for (and also partly fail to explain) the process of 
transcoding from one notational system to another. 
 
1.3.1. The development of number transcoding 
 
When learning the verbal number system, children have to learn numbers and the number 
chain by heart and also have to understand how these numbers are organized, namely in 
different lexical classes. After learning the verbal number system, they learn the Arabic 
number system. In order to use the Arabic number system they have to memorise a set of 
symbols - the digits from 0 to 9 - and understand the place-value system in which these 
symbols are arranged. While learning the ten digits and their cardinal value seem to raise no 
problems in normal development (Power & Dal Martello, 1997), children need much longer 
to master the place-value system of Arabic numbers and its relationship with the verbal 
system (Seron, Deloche, & Noël, 1991). However, internalising the Arabic number system 
and its connection to the verbal number system is a prerequisite for arithmetical operations 
and therefore of great importance in number processing (Seron & Fayol, 1994).  
 
Writing 
Seron, Deloche and Noël (1991) were the first to conduct a longitudinal transcoding study 
with second- and third-grade Belgian French speaking children which allowed them to 
describe precisely the evolving pattern of acquisition of syntactic rules when writing Arabic 
numbers to dictation.  
 
They showed that at that age lexical problems are already very rare. Children rather have 
problems with the syntactic rules that connect the individual lexical primitives with each other 
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in order to build up larger numbers (for this purpose, in our culture number systems usually 
use additive or multiplicative relationships). The authors found that second grade children 
often commit complete lexicalisations by transcoding each word by its Arabic counterpart: 
difficulties in the additive composition rule result in transcoding errors such as “one thousand 
thirty” → 100030, difficulties with the multiplicative composition rule result in errors such as 
“two hundred” → 2100. When dealing with three- or four-digit numbers, children master 
relationships for numbers containing hundred and thousand with unit first (UH
1
: 200 and UM: 
5000), followed by the acquisition of additive relationships with unit (HU: 103 and MU: 
1007). At this time, a particular error type begins to appear on other additive structures with 
hundred (HT or HD, e.g., “one hundred twenty” → 1020) or thousand (MT, e.g., “one 
thousand fifteen” → 10015, or MD). The authors labelled them “10x errors” and suggested 
that they come from an overgeneralization of the transcoding rules learned on the additive 
structures with unit (on HU “hundred” was actually transcoded as “10”). However, these 
partial lexicalisation errors suggest more mature writing skills than complete lexicalisations 
that were observed before. After overcoming these difficulties children are able to write down 
Arabic numbers to dictation correctly. 
 
In their longitudinal study Lochy et al. (unpublished) studied the transcoding behaviour of 
German speaking first- and second-grade children (in Austria). They concluded that writing 
the DU structure which is inverted in the German language evolves in the following manner: 
German speaking children also produce complete lexicalisations (e.g., “dreiundzwanzig” → 
320) first, which are quickly replaced by inversion errors (e.g., “dreiundzwanzig” → 32), then 
a right-to-left writing strategy evolves which leads to a correct result (the peak of this 
compensation strategy was at the end of the first grade), and finally the canonical left-to-right 
order with a correct transcoding result is acquired.  
 
Reading 
Power and Dal Martello (1997) conducted a detailed study how reading of Arabic numbers 
develops in children: they examined Italian second-graders and observed different stages until 
children were able to read out Arabic numbers correctly.  
 
                                            
1 In order to denote the different structures faster, the following system will be used from now on: unit = U, teens = T, 
decades = D, decade-units = DU, hundred = H, hundred-units = HU, hundred-teens = HT, hundred-decades = HD, hundred-
decade-units = HDU, unit-hundreds = UH, thousand = M. 
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Again, the lexicon is acquired quickly and also reading two-digit numbers at this age usually 
does not constitute a problem any more. Second-grade children also mostly know the word for 
100 already but tend to use it at the beginning of a number, especially in UH constructions, 
e.g., 200 → “hundred two”. Most other three- and four-digit numbers are transcoded by a 
fragmentation policy, e.g., 345 → “thirty four and five”, “thirty four five” or “thirty forty 
five” (this last error was named “Humpty Dumpty error”); four-digit numbers are usually 
mistakenly divided into groups of two and two instead of one and three, e.g., 3789 → “thirty 
seven (and) eighty nine”. Power and Dal Martello thought that this strategy of coping with 
complex stimuli by fragmenting them as if they would be stemming from the same problems 
as the additive composition errors in the writing task: e.g., 345 → 30045 shows that 345 is 
fragmented into 300 and 45 because the child still had not understood how to apply the 
additive composition rule on this structure. Some children also ignored some digits when they 
were not able to read the full three- or four-digit number, e.g., 726 → “twenty six” or 
“seventy two”. Then children learned to use “hundred” as a multiplicand word in UH 
structures; and after learning the other multiplicand words such as thousand or even million, 
they tried to combine them with the digits (that were sometimes still wrongly fragmented and 
wrongly grouped). However, they also often chose the wrong multiplicand. This strategy 
leads to errors such as 404 → “four thousand four” or 3612 → “thirty six thousand twelve”. 
After various attempts, in the last stage children finally understood to correctly group multi-
digit numbers and to chose the right multiplicand word. 
 
In summary, the performances of normal children indicates that the lexicon of the Arabic 
system is acquired very quickly while the syntax is progressively mastered, requiring two to 
three years. Some operations such as the additive composition rule in writing as well as in 
reading are particularly complex for young children no matter what language they use, and 
some systematic errors seem to result from the inadequate generalisation of rules inferred 
from previously learned transcoding rules.  
 
1.3.2. Trans-linguistic transcoding studies 
 
Trans-linguistic studies provide interesting insights on whether and how language influences 
the acquisition of transcoding, and on the type of representation underlying the Arabic 
composition process. However, while there are some trans-linguistic studies examining 
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transcoding in different Western number word systems, so far there is no study comparing 
transcoding in Western and Asian number word systems.  
 
Seron and Fayol (1994) were the first to examine transcoding with a trans-linguistic approach. 
They tested French and Walloon children whose number system differs in two decades in 
writing Arabic numerals to dictation: 70 and 90 in France are expressed in a complex manner 
as “60 + 10” (“soixante-dix”) and “(4 x 20) + 10” (“quatre-vingt-dix”) whereas in Belgium 
these constructions are more regular (“septante” and “nonante”); 80 in both countries is “4 x 
20” (“quatre-vingt”). They found that French children have significantly more difficulties 
when transcoding these complex structures and interesting errors could be observed that 
showed that these complex structures were not processed as integrated lexical primitives – on 
the contrary, the errors were often complete or partial lexicalisation errors and corresponded 
with the successive transcoding of each of the lexical primitives composing the complex 
decade forms, e.g., 82 was written down as 4202, 422 or 802 in both countries. French 
children also committed errors on numbers involving 70 and 90, e.g., 97 was transcoded as 
42017, 4217, 817 or 417. These revealing errors evidence a strong influence of language on 
the acquisition of the Arabic number system. Besides, this transcoding task was supplemented 
by tasks tapping the comprehension of verbal and written numerals. The results in these tasks 
showed that transcoding errors were more likely due to production problems concerning the 
Arabic number rather than due to comprehension problems.  
 
To date, no systematic developmental study has been published for any language with an 
inversion property such as the German language. However, in their unpublished manuscript 
Lochy et al. compared transcoding performance of German and French speaking children (in 
Austria and Belgium) and also found revealing errors: the error rate was higher for German 
speaking children, and the types of errors clearly showed the inversion property to complicate 
the acquisition of writing two-digit numbers. This difficulty even extended to structures where 
no inversion must be applied, such as HU (e.g., “hundertfünf” → 500) or UH (e.g., 
“fünfhundert” → 105), and German children needed longer to learn to correctly write down 
Arabic numbers to dictation. Furthermore, they found that German children develop a unique 
strategy to overcome this inversion problem by writing the Arabic digits from right to the left.  
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These findings clearly indicate that linguistic structures such as the complex DU structure in 
French or the inverted word order in German do indeed influence transcoding from one 
notational system to the other. 
 
1.3.3. Factors influencing transcoding 
 
So far, except for the language differences described above, few factors have been identified 
to influence children’s transcoding behaviour.  
 
Krinzinger, Kaufmann, Nuerk and Willmes (2007) found that from first grade on, boys 
outperform girls in transcoding tasks as well as some other mathematics tasks, namely  
magnitude comparison, base-ten understanding, subtraction and word problems. The authors 
thought this to be due to an earlier understanding of the base-ten system of multi-digit Arabic 
numbers for boys that is essential for successfully solving complex computations and also for 
transcoding. However, they admitted that further research is needed to find out reasons for 
this male superiority (e.g., it may be due to differences in spatial abilities or math related 
motivation and interests or socio-cultural factors). 
 
Zuber, Pixner, Moeller and Nuerk (2009) investigated the connection between working 
memory and number transcoding and found that good working memory skills were positively 
correlated with transcoding performance. Again, boys performed better than girls when 
working memory and IQ performance were comparable. 
 
1.3.4. Transcoding models 
 
Two different types of models have been proposed that try to explain the underlying processes 
of transcoding: semantic models assume that a semantic representation of quantity is 
necessary in order to transcode correctly while in asemantic models such a representation is 
not constructed and transcoding is accomplished by a step-by-step algorithm. 
 
Semantic transcoding models 
McCloskey’s abstract-semantic model 
The most influential transcoding model for dyscalculic patients was proposed by McCloskey 
(McCloskey, Caramazza, & Basili, 1985; McCloskey, Sokol, & Goodman, 1986; see 
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McCloskey, 1992, for a review, and Cipolotti & Butterworth, 1995, for specifications), in 
which transcoding from the verbal (written or spoken) to the Arabic code or vice versa results 
from the successive application of number comprehension and production stages. First, the 
perceived number is transformed through notation-specific comprehension modules into an 
abstract internal representation of quantity that is organised as a base-ten system (e.g., 345 
would be represented as [3]10
2
 [4]10
1
 [5]10
0
). Then this semantic representation is converted 
through a notation-specific production module into the output form.  
 
The advantage of this model is that it accounts for both ways of transcoding – for writing to 
dictation and reading Arabic numbers – since most other models can only be used to explain 
transcoding in one direction. Furthermore, it incorporates calculation which is also processed 
via this abstract representation. This semantic-abstract model developed in adult 
neuropsychology has in fact proven to be very useful in analyzing patterns of performance 
also for dyscalculic children (Sokol, Macaruso, & Gollan, 1994; Sullivan, Macaruso, & Sokol, 
1996; Temple, 1989). However, it has been criticised that the semantic representation is 
almost a notational variant of the Arabic numerals and that the only difference is that the 
orders of magnitude are shown by symbols, e.g., [3]10
2
 (Power & Dal Martello, 1997). 
Therefore, this model is not suited for describing language-specific differences and is not able 
to explain the phenomenon described in trans-linguistic studies such as the German inversion 
problem. Modifications concerning this difficulty still need to be worked out. It also fails to 
account for acquisition mechanisms of transcoding since it supposes that the base-ten system 
has already been generated (Noël & Turconi, 1999). 
  
Power and Dal Martello’s lexical-semantic model 
The very first study conducted on number transcoding with children was that of Power and 
Dal Martello (1990) who examined writing Arabic numbers to dictation in Italian children at 
the beginning of the second school year. Numbers below 100 were correctly transcoded, but 
errors appeared in three- and four-digit numbers of which most were classified as syntactic 
errors mainly consisting of the insertion of extra zeros (additive composition errors). 
  
In this study, the authors proposed a number writing to dictation algorithm that is based on the 
verbal input code: again, a number comprehension stage (that transforms the perceived verbal 
number into a semantic representation) and a number production stage were distinguished. 
The authors assumed that this semantic representation reflects the structure of the verbal 
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number and that primitive number concepts (e.g., the units, teens, decades and the multipliers) 
are embedded in sum and product relationships. This semantic representation is then 
converted into the corresponding Arabic numeral in the production stage. At this level, two 
different operators are used depending on the type of relationship. In case of a product 
relationship, a concatenation operation is realised (e.g., “three hundred” → C3 x C100 → <3> 
& 00 → 300, & means “write on the right-hand side of the first digit”) and for a sum 
relationship an overwriting operation is realised (e.g., “one hundred and three” → C100 + C3 
→ <100> # <3> → 103; # means “write over the zero starting form the right”).  
 
This model provides a good interpretation of children’s most frequent errors in writing Arabic 
numerals to dictation. The authors assumed that children master the concatenation operation 
before the overwriting operation and that most errors resulted from the wrong application of a 
concatenation operator or a wrong overwriting operator. It has also been useful in accounting 
for transcoding errors in adult patients (Granà, Lochy, Girelli, Seron, & Semenza, 2003; Noël 
& Seron, 1995). In contrast to McCloskey’s semantic-abstract model, in this lexical-semantic 
model the semantic representation is tied to the verbal code and can therefore better account 
for language differences.  
 
However, these transcoding rules can still not be applied universally. In some languages with 
a more complex number word system than the Italian one, on which this model was based, the 
model fails to sufficiently explain the semantic representation. For example, is 
“fünfundzwanzig” (literally “five and twenty”) in German represented as C20 + C5 like in 
other languages or as C5 + C20 which would be unique for languages using inversions? Or in 
French: is “quatre vingt” (“4 x 20”) represented as C4 x C20 or as C80? Thus, some 
modifications have been suggested to adapt this model to other language specific properties. 
 
Seron and Fayol (1994) hypothesised that the representation is linked to the verbal form, i.e., 
for “quatre vingt” it is C4 x C20 and that this product relation activates a concatenation 
operator. The failure of this concatenation operator would explain frequently observed errors 
of the form “420”. They even suggested that it could be that these complex decades are not 
represented in the same way as simpler ones even in adults, because brain lesioned patients 
produced exactly the same type of errors (Deloche & Seron, 1982 a, b). 
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To explain how the inversion problem could be solved, Lochy et al. (unpublished) suggested 
an inverting operator § that would first invert the words in DU structures, so that following 
this inversion the overwriting operator would be activated - in this case the semantic 
representation would be the same whatever the language: “fünfundzwanzig” → 
fünf/und/zwanzig § → C20 + C5 → 25.   
 
Asemantic transcoding models 
In contrast to these semantic models, in the rule-based asemantic transcoding models a 
representation of quantity (that constituted a bottleneck between the satellite input and output 
systems) is not required in order to transcode from one notational system to the other. 
 
Deloche and Seron’s model 
Deloche and Seron (1987) proposed a model in which transcoding from Arabic to verbal 
numerals can happen through a direct connection without the mediation of an abstract 
representation. It distinguishes four processing steps: first, in the parsing process the Arabic 
number is split into triplets, starting from the right. Then, in a categorisation process the 
necessary parameters for the implementation of transcoding rules are found (these concern the 
class and position of the lexical primitives as well as multiplicands). Then in the transcoding 
process itself the digits are brought into the proper position, i.e. the three-slot frame is filled 
with the correct digits. Finally in the production step the number is written down.  
 
On the one hand this model has the advantage of providing a functional description of the 
transcoding processes that are based on a limited number of rules. On the other hand three 
deficits reveal that transcoding can not be described satisfactory by applying this transcoding 
model (Power & Dal Martello, 1997). First, it fails to explain the transcoding mode in English 
numbers larger than a billion, e.g., in case of 2.300.000.000.000 the division should come 
after 2300 and not after 2 (two thousand three hundred billion). Then, within each group of 
three digits, the first digit can be separated from the other two: the structure of 345 is 3(45) 
rather than (34)5, but this distinction cannot be made by this model. And finally, application 
of these rules supposes that a three-slot frame has already been generated and leaves little 
room for the developmental processes.  
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ADAPT model  
Barrouillet, Camos, Perruchet and Seron (2004) proposed a developmental, asemantic and 
procedural transcoding model (ADAPT) in which transcoding from the verbal to the Arabic 
code is first carried out using algorithmic strategies that are later substituted by direct retrieval 
from memory of digit forms. According to this model, children learn to transcode numbers 
without accessing their meaning (the semantic representation) and evolve transcoding through 
practice. The authors assume that children, after having learned to transcode small numbers 
learn to successfully transcode two-digit numbers, thus creating new units in the long term 
memory for the most frequent digit strings. 
 
In this model, when a person hears a number, this verbal string is stored in a phonological 
buffer within working memory, which is thought of as a set of activated knowledge in long 
term memory. Then the parsing process segments the verbal string into units with each unit 
being the largest unit available in long term memory that matches the current input. Then 
these units are processed sequentially by means of a production system. The result is an 
ordered sequence of digits and blank spaces that have to be filled by the subsequent processes. 
During this transcoding process, no semantic representation is build. Lexical errors are 
thought to be due to difficulties in retrieving the correct forms from long term memory and 
thus should be connected to the number of required retrievals. On the other hand, syntactic 
errors are thought to be due to difficulties in applying the procedures that manage the 
positioning of these forms in long term memory. 
 
To evaluate their model the authors tested French speaking children. ADAPT proved to be a 
better predictor for transcoding errors they committed than other transcoding models and the 
difficulty of transcoding depended on the number of processing steps required using ADAPT: 
errors increased according to the complexity of the DU structure, i.e., tasks that required more 
working memory capacity. The authors furthermore assumed this model to be relatively 
independent of linguistic specifications since it only requires minor modifications to account 
for the transcoding processes in other languages. According to them, ADAPT is particularly 
suited to account for learning and development since young children are able to enlarger their 
lexicon rapidly by adding new units to the long term memory. Therefore the processing of the 
most frequent numbers (e.g., small numbers) changes from algorithmic to direct retrieval. 
This means that applying this model to other languages does not require many modifications.  
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However, similar to the adaptation of the model of Power and Dal Martello (1990), an 
inversion rule has to be assumed in order to explain transcoding performance in languages 
with inversion properties such as German (Zuber et al., 2009). This rule should be triggered 
after the parsing process has taken place. Since ADAPT was evaluated for French which has a 
more complex number system than Japanese, no rules have to be added to this model with 
respect to this latter number system. The transcoding process of Japanese two-digit numbers 
can be explained by the rules already existing in the current version of ADAPT.  
 
In order to further examine the role of working memory in transcoding processes, Camos 
(2008) studied the impact of individual differences in working memory capacity on 
transcoding in second-graders and found that the error rate increased the more production 
rules were required and the lower the working memory capacity was (as predicted by 
ADAPT) which indicates that working memory and transcoding skills are in fact tightly 
linked. Zuber et al. (2009) further extended these findings: while Camos (2008) had examined 
numerical working memory capacity and transcoding skills, Zuber et al. (2009) consistently 
found also influences of non-numerical working memory capacity on transcoding. They 
investigated different working memory components and found that verbal working memory 
predicts mainly lexical errors whereas visuo-spatial working memory reliably predicted 
especially syntactic errors (although transcoding to and from the Arabic form is generally 
considered as a verbal task).  
 
Each of the above described semantic and asemantic transcoding models have their 
advantages and disadvantages when considering different aspects of number transcoding. 
However, some are more suited for developmental studies than others and also some of these 
models account better for language-specific variations in transcoding than others. These two 
points become very important in the present study since transcoding skills were tested in first 
grade children using quite different verbal number systems. Among the semantic models the 
lexical-semantic model of Power and Dal Martello (1990) accounts best for developmental 
changes as well as language-specific difficulties. The asemantic model that fits best for 
developmental studies is ADAPT (Barrouillet et al., 2004), and after some slight 
modifications it also should account for transcoding errors made by German children.  
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1.4. Number systems 
 
Mathematical activities like counting or calculation require culturally developed tools - one 
important tool is the language of mathematics and symbol systems. These tools can influence 
the functional organisation of people’s mental activities without altering basic abilities such as 
memory or logical reasoning (Nunes, 1992). This statement is valid for written number 
systems (see Zhang & Norman, 1995), as well as for verbal number systems (see Comrie, 
2005).  
 
To take an extreme example, while verbal number systems such as the Japanese or the 
German one allow humans to go beyond their natural memory capacities to count large 
numbers of objects, the counting system using body parts that has been widely used in Papua 
New Guinea, allow for the enumeration of limited item sets only (Saxe, 1982; Comrie, 2005). 
Therefore, when counting a large number of objects, someone counting in Japanese or 
German will outperform someone counting in one of the Papua New Guinean languages 
because he/she is using a more efficient counting tool. 
 
In the following sections, the Arabic number system (as the most widely spread written 
number system) and the verbal German and Japanese system will be explained and their 
characteristics that complicate or simplify working with them will be pointed out (Table 1). 
 
1.4.1. The Arabic number system 
 
Even though many different types of written notational systems have been invented over the 
last few thousand years in order to represent one single entity – numbers – none of them has 
been as successful as the Arabic number system. Indeed there are few things in the world that 
are as universal as the Arabic number system and it has even been regarded as one of the 
greatest inventions of the human mind (Zhang & Norman, 1995). Many authors think that the 
mathematical advance since the thirteenth and fourteenth century is mainly due to the 
efficiency of the Arabic notation system (Butterworth, 1999, cited in Nuerk & Willmes, 2004). 
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Zhang and Norman (1995) analysed the representational structures of different number 
systems, trying to find reasons why the 
Arabic number system is so unique 
and special. First of all, it uses one 
base dimension and one power 
dimension. The base dimension is 
represented by the shape of the ten 
digits and the power dimension is 
represented by positions of the digits 
with a base of ten. This place-value 
system, in which one digit obtains its 
value by its position within the number 
(starting to count from the rightmost 
digit), can handle large numbers very 
efficiently, and the base of ten is a 
manageable size (larger bases are more 
efficient but require more symbols to 
be learned). The ten symbols from 0 to 
9 are also easy to learn. For example, 
the digit 4 can refer to the quantities 
“four” (in 4), “forty” (in 40) or “four 
hundred” (in 400). Understanding this 
place-value system of the Arabic 
number system is essential for dealing 
with multi-digit numbers, and it 
belongs to one representation of the 
extended version of the triple-code 
model (Nuerk, Graf, & Willmes, 2006).  
 
So the Arabic number system not only 
has a small lexicon but also a simple 
and efficient syntax which in 
Table 1. The German and Japanese verbal number 
systems. The Japanese number system consists of 
fewer number words and has a simpler syntax than the 
German system. 
 
Arabic German Japanese 
1 eins ichi 
2 zwei ni 
3 drei san 
4 vier yon 
5 fünf go 
6 sechs roku 
7 sieben nana 
8 acht hachi 
9 neun kyuu 
10 zehn juu 
11 elf juu-ichi 
12 zwölf juu-ni 
13 dreizehn juu-san 
14 vierzehn juu-yon 
15 fünfzehn juu-go 
16 sechzehn juu-roku 
17 siebzehn juu-nana 
18 achtzehn juu-hachi 
19 neunzehn juu-kyuu 
20 zwanzig ni-juu 
21 einundzwanzig ni-juu-ichi 
22 zweiundzwanzig ni-juu-ni 
30 dreißig san-juu 
40 vierzig yon-juu 
50 fünfzig go-juu 
60 sechzig roku-juu 
70 siebzig nana-juu 
80 achtzig hachi-juu 
90 neunzig kyuu-juu 
100 hundert hyaku 
101 hunderteins hyaku-ichi 
102 hundertzwei hyaku-ni 
110 hundertzehn hyaku-juu 
200 zweihundert ni-hyaku 
1000 tausend sen 
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combination makes it possible to represent numbers quickly and clearly and also to carry out 
calculations easily. These properties make the Arabic system so convenient and widely 
accepted.  
Krinzinger, Wood, Nuerk and Willmes (2006) found that before children are taught 
systematically at school, the differences in their place-value understanding can be explained 
mainly by two variables: general visuo-spatial abilities and gender (boys performing better), 
whereas only small contributions of number sense, visuo-spatial working memory and the 
emotional factor of liking mathematics are reported. On the other hand, different tasks on 
multi-digit numbers like magnitude comparison, reading Arabic numbers and number line 
tasks all loaded on understanding the place-value system of the Arabic numbers. 
 
1.4.2. The German number word system 
 
According to the theoretical taxonomy of numbers proposed by Deloche and Seron (1982), 
the German number system contains lexical primitives ordered in classes: units, teens, 
decades and the multipliers “hundert” (hundred) and “tausend” (thousand) that represent 
number values but at the same time they can also enter in syntactic relationship with other 
elements of the lexicon. In two-digit numbers the lexical primitives are organized in a name-
value-system: a number obtains its value by its name and not by its position in an acoustic 
sequence, e.g., the Arabic number 5 that occupies the fifth position in different classes is read 
as “fünf” in the unit position and as “fünfzig” in the decade position. Now, in 15 it belongs to 
a different class (the teens) and is read as “fünfzehn”. In order to represent all possible 
numbers, these primitives are furthermore combined with the multipliers by additive (e.g., 
“hundertfünf” corresponds to “hundert” + “fünf”) or multiplicative (e.g., “fünfhundert” 
corresponds to “fünf” × “hundert”) relationships. 
 
Children learning to count first have to memorise the single-digit number words from one to 
nine and then also the number words for 10, 11 and 12. From 13 to 19 the numbers can be 
derived from the name of the units, whereas the number words for 11 and 12 are irregular: 
“elf” and “zwölf” do not have a transparent connection to “eins” and “zwei”. The reason for 
this irregularity is probably a historic base-12-system, and this irregularity tends to cause 
problems in young children learning to count in teen numbers (a study concerning this 
problem will be described in section 1.5.1 Counting). 
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After learning the teens, German children also need to memorise the decade names that are 
expressed by a radical identical or similar to the unit name and the ending “-zig”. However, 
the differentiation between teens and decades is complicated by two intransparencies. First, 
the teen names are phonetically similar to the corresponding decade names, and this can 
sometimes complicate the differentiation between these two numbers: “fünfzehn” (15) and 
“fünfzig” (50). Secondly, the decade names have a proper name: 40 is “vierzig” (instead of 
e.g., “vier-zehn” (“four-ten”) which would be more transparent; however, “vier-zehn” is the 
name for 14); this intransparency also seem to affect young children.  
 
Moreover, the order of the words in teens as well as in decade-unit structures is inverted 
compared to the order of digits in an Arabic number: e.g., 18 is read “achtzehn” (“eight-ten”) 
and 27 is read “siebenundzwanzig” (“seven-and-twenty”). In the English number word system 
the teens show the same inversion property, and in Dutch, Danish, and sometimes in 
Norwegian and Czech also DU structures are inverted. This inverted order of words has been 
noted to pose problems not only for young children learning this inversion property but also to 
brain-damaged patients and even in healthy adults it was found to influence number 
processing. For teen numbers, young English speaking children had more problems when 
counting and calculating than Taiwanese children of the same age (Miller & Stigler, 1987). 
Furthermore, this inversion property also has an impact on the type of errors and strategies 
developed by children writing Arabic numbers to dictation, which even go beyond the DU 
structures concerned, and it generalizes to other number structures where inversion must not 
be applied such as HU structures or UH structures (Lochy et al., unpublished). Also patients 
have been described who showed difficulties with this inversion when transcoding two-digit 
German numbers (Blanken, Dorn, & Sinn, 1997; Proios, Weniger, & Willmes, 2002). 
However, problems with this inversion property even affect healthy adults: in a magnitude 
comparison task with two-digit numbers German speaking participants had greater difficulties 
e.g., when they were asked verbally whether 38 or 51 is bigger, because the smaller number 
starts with the bigger unit-digit. This interference leads to a slower and less accurate response. 
In English-speaking participants these problems can not be detected as the units can be 
neglected to a great extent. For Arabic numbers the findings were not that clear but also 
showed that language-independent processing has to be rejected which means that even in 
nonverbal tasks, the inversion influences DU processing (Nuerk, Weger, & Willmes, 2001, 
2005). Finally, this inversion of words can also influence arithmetic tasks such as addition: for 
participants calculating in Dutch, 4 + 20 (in Arabic or verbal notation) can be solved more 
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easily than 20 + 4, whereas in French it is the other way round (Brysbaert, Fias, & Noël, 
1998). So the sequence of the number words influences the way numbers are processed.  
As an additional complication, this inversion property is not consistent. It holds only for two-
digit numbers and does not generalize to higher powers: in three- and four-digit numbers, 
numbers are again read from the digit on the leftmost side, e.g., in 524 the hundred-digit is 
read first, followed by the unit-digit and finally the decade-digit: 
“fünfhundertvierundzwanzig” (“five-hundred-four-and-twenty”). Thus, the name-value-
system of two-digit numbers changes to a place-name-value-system which on the one side fits 
better to the place-value-system of the Arabic numbers, but on the other side also complicates 
the understanding of the whole system. In five-digit numbers, the first two digits are again 
inverted. This irregularity confuses young children in particular, and German speaking first 
graders sometimes overgeneralize the previously acquired inversion rules in two-digit 
numbers to these structures where they must not apply this rule and committed inversion 
errors (Lochy et al., unpublished; Zuber et al., 2009). 
 
In three- or more digit numbers the role of  0 as a place-holder - the absence of a given power 
- does not become clear because it is not named like other numbers, i.e., 207 is 
“zweihundertsieben” instead of “zweihundertnullsieben” (“two-hundred-zero-seven”).  
 
Finally, the multipliers 100 and 1000 usually obey the one-omission rule: 100 is pronounced 
“hundert” instead of “ein hundert”, 1000 is “tausend” instead of “ein tausend”. Nevertheless, 
when intending to stress the 1 it is also possible to say “ein hundert” or “ein tausend”.  
 
To summarise, the lack of transparency of the German number system and the lack of 
consistency between the German verbal and the Arabic number system makes transcoding 
from one system to the other a rather difficult task for young children and some brain-
damaged patients. 
 
1.4.3. The Japanese number word system  
 
The Japanese number word system is rooted in ancient Chinese (like also the Korean system) 
and it is organized in a way that makes the connection to the Arabic place-value system more 
obvious than the German number system since it is also constructed as a place-value system 
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with the base of ten: the value of a given digit in a multi-digit number depends on the base 
value of the digit and on its position within the number.  
 
When learning to count, children only have to memorise the number names from one to nine 
and the multipliers “juu” (ten), “hyaku” (hundred) and “sen” (thousand). Higher numbers are 
then generated according to a set of rules. Teen names are formed by additive composition, 
e.g., 18 is pronounced as “juu-hachi” (“ten-eight”), decade names are formed by 
multiplicative composition, e.g., 40 is “yon-juu” (“four-ten”), and DU structures combine 
both rules, e.g., 48 is “yon-juu-hachi” (“four-ten-eight”). So there is a consistent one-to-one 
relationship between number words and their digits.  
 
The one-omission rule is one of the few intransparencies children have to deal with. This 
means that the 1 in the decade position is not stressed as other digits are, e.g., 13 is “juu-san” 
(“ten-three”) instead of “ichi-juu-san” (“one-ten-three”). The same is true for hundred and 
thousand, and in Japanese it is not possible to stress the 1 and to say “ichi-hyaku” or “ichi-
sen” (as it is the case in the German system).  
 
Furthermore, the Japanese number word system has the same irregularity concerning the role 
of 0 as a place-holder in three-digits as in the German language in that 0 is not named.  
 
In this context it is interesting to note that the Japanese number system does not fit well with 
the taxonomy used by Deloche and Seron (1982). For instance, the difference between T and 
DU structures is not as clear as it is in many Western languages. Except the fact that the “ichi” 
in front of the “juu” in T structures is missing due to the one-omission rule, T and DU 
structures are build in the same manner. Also, because decade names are built by 
multiplicative composition and do not have proper names like in the German system, instead 
of belonging to their own class (D), decade names should belong to a composed class such as 
unit-ten (T is occupied for the teen numbers, so a new letter, such as X, would have to code 
for ten, e.g., 20 should belong to a class such as UX instead of belonging to D). Still, in this 
study we used the taxonomy of Deloche and Seron (1982) also for the Japanese number word 
system for better comparison to the German system (i.e., T for teen numbers and D for 
decades).  
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1.4.4. Differences between the German and Japanese number word systems 
 
To sum up, the German 
number word system contains 
several intransparencies and 
irregularities that do not exist 
in the Japanese system (Table 
2). These differences are 
lexical (e.g., the irregularity 
concerning 11 and 12 or the 
difficult differentiation of teens 
and decades in German that 
constitutes a class problem) or 
syntactic (e.g., all inversion-
related differences). However, although in both languages numbers are build up with additive 
and multiplicative relationships, in Japanese both the additive and multiplicative composition 
come into play already in two-digit numbers whereas in German only the additive 
composition is introduced for two-digit numbers and multiplicative relationships are only 
learned in three-digit numbers. To conclude, in Japanese the grouping by ten structure is more 
obvious and the correspondence between spoken and written Arabic numbers is more 
transparent than in German. This might be one of the reasons for the superiority of Asian 
children over Western children in different mathematical tasks that will be described in the 
next section.   
 
1.5. Trans-cultural studies with Asian children 
 
In recent years several studies have shown impressive differences in favour of Asian children 
over Western children for different aspects of mathematical skills (e.g., Miura, Okamoto, 
Vlahovic-Stetic, Kim, & Han, 1999; Stevenson, Stigler, Lee, Lucker, Kitamura, & Hsu, 1985; 
Stigler, Lee, & Stevenson, 1987). In the following, the studies that have examined these trans-
linguistic and trans-cultural differences will be summarised. It will also be described how 
these results have been explained by the respective authors.  
 
 
Table 2. Differences of the German and Japanese number word 
systems. The German system has several more intransparencies 
than the Japanese one.  
 
Difficulties German Japanese 
Irregularity concerning 11 and 12 + - 
Inversion: T structures + - 
Inversion: DU structures + - 
Proper names for D structures + - 
Inconsistency concerning inversion 
(three-digit numbers) 
+ - 
Complicated differentiation T-D + - 
One-omission rule + + 
Intransparent role of 0 as 
placeholder 
+ + 
Additive composition + + 
Multiplicative composition + + 
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1.5.1. Counting 
 
It has been shown repeatedly that Asian children have fewer problems in counting than 
English-speaking children (Miller, Smith, Zhu, & Zhang, 1995; Miller & Stigler, 1987). For 
instance, Miller et al. (1995) found better performance in Chinese than U.S. preschool 
children on abstract as well as object counting tasks and argued that linguistic transparency 
may be a reason for these findings. Consistent with this conclusion, differences in the patterns 
of errors made by Chinese and U.S. children were most evident where the relative 
transparency of the Chinese number word system is greatest: U.S. children were less able than 
Chinese children to count accurately beyond 10. Furthermore, Korean children mastered 
counting tasks at a much younger age than American children (Miura, Kim, Chang, & 
Okamoto, 1988).  
 
As mentioned before, the first decade crossing is more transparent in Asian number word 
systems than in Western number systems: 11 → “juu-ichi” (“ten one”) and “elf”/”eleven“, 12 
→ “juu-ni” (“ten two”) and “zwölf”/”twelve” in Japanese and German/English). This 
irregularity raises problems in young children who are not yet sure about the number names, 
and, apparently, a more transparent first decade crossing facilitates calculation in teen 
numbers (Nunes & Bryant, 1996, cited in Nuerk & Willmes, 2004). When Chinese-speaking 
Taiwanese and American children were offered 1, 5 and 10 pence coins, American children 
had great difficulties to buy things that cost 11 pence, while Taiwanese children did not have 
any problems to build the same price with the coins offered.  
 
These findings reveal a great advantage for Asian students because counting is an important 
tool for problem solving in the early grades, therefore this skill can directly affect 
mathematics performance. 
 
1.5.2. Base-ten and place-value understanding 
 
Asian number systems are constructed in a manner that highlights the grouping by ten 
structure better than Western number systems. Therefore it seems to be reasonable to suggest 
that these number systems assist Asian children to develop cognitive number representations 
that reflect this base-ten system. In both the Japanese and the German number system it is 
justifiable to combine base-ten and place-value understanding, since the Arabic number 
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system and both number word systems use a base of ten. So transcoding or calculating with 
the Arabic system always implies also the understanding of the base-ten as well as the place-
value system (in other languages using different bases this would not be the case). 
 
Some data show that Asian children understand base-ten structures earlier than American 
children, even without systematic teaching. When asked to represent two-digit numbers using 
base-ten blocks (unit blocks and decade blocks that have 10 segmented marks on them), 
Chinese, Japanese, and Korean children were more likely to create a canonical base-ten 
representation (e.g., three decade blocks and two ones blocks for 32). In contrast, U.S., French 
and Swedish children were more likely to use a one-to-one-collection (32 unit blocks) in their 
constructions (Miura, Okamoto, Kim, Steere, & Fayol, 1994). This performance difference is 
even more impressive when considering the children’s age: Korean kindergarten children had 
better results than U.S. first grade children (Miura et al., 1988). Moreover, it was found that 
more Asian children than American children were able to construct numbers in two different 
ways (one canonical and one one-to-one construction), which, according to Miura and 
Okamoto (2003), suggested “greater flexibility of mental number manipulation”. 
 
Miura also found in various place-value tasks that Japanese first graders showed greater 
understanding of this system than did U.S. children (Miura & Okamoto, 2003). And Korean 
second and third graders were more likely than age-matched American children to correctly 
identify the value of the second (the ten’s position) and third positions (the hundred’s 
position) in multi-digit addition (Fuson & Kwon, 1992).  
 
In these studies the authors found the reason for this performance difference to be the 
linguistic regularity of the Asian number word systems: in these languages the place-value 
system with its base of ten is made much clearer because after each digit the value of that 
digit is named; e.g., “555” in Japanese is read as “go-hyaku-go-juu-go” (“five hundred five 
ten five”). 
 
1.5.3. Addition and subtraction 
 
Finally, a more transparent number word system also seems to influence arithmetic skills 
themselves. The basic understanding of simple numerical concepts and the place-value system 
has been shown to influence arithmetic performance (Booth & Siegler, 2008; Holloway & 
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Ansari, 2009; Kaufmann, Handl, & Thoeny, 2003; Levine, Jordan, & Huttenlocher, 1992). 
Given the strong influence of language on these simple numerical concepts as suggested 
above, also more complex arithmetic tasks such as addition and subtraction should be 
facilitated by a more transparent number system.  
 
When solving mathematical problems such as addition, children attempt to retrieve an answer 
from long term memory. Only when they fail to retrieve a satisfactory answer, they resort to a 
backup strategy to solve the problem (Geary, Fan, & Bow-Thomas, 1992). These backup 
strategies typically consist first in counting on fingers, then counting verbally and finally, as a 
developmentally mature retrieval-based strategy, they decompose the problem into a set of 
more simple problems that can be solved separately and then be composed to yield the correct 
result. 
 
Geary, Fan and Bow-Thomas (1992) found that Chinese first-graders were faster and more 
accurate in simple addition than age-matched U.S. children, and they also used more mature 
backup strategies to solve these mathematical tasks if they failed in the direct retrieval of 
correct answers: Chinese children tended to use decomposition whereas U.S. children tended 
to count. In fact, they showed a mix of strategies that is more typically found in American 
four- or fifth graders. The authors related these advantages to a combination of language- and 
school-related factors (also see Geary, Bow-Thomas, Liu, & Siegler, 1996). In subtraction, 
superior performance of Korean children over U.S. children has been reported as well (Fuson 
& Kwon, 2003; Song & Ginsburg, 1987). 
 
Also in the view of Miura and Okamoto (2003) Asian children have a great advantage 
because of their transparent number systems: counting to 9 becomes quickly automatized and 
since the teen numbers are simple composites of ten and a digit from 1 to 9, Asian children 
only need to learn the sums up to 10, while in Western languages children have to learn more 
sums. When performing addition, e.g., 8 + 7 can be decomposed into 8 + 2 + 5 and 10 + 5 
which can be spoken out directly in Japanese (“juu-go” which corresponds to “ten-five”). 
Especially for addition and subtraction with regrouping (carrying and borrowing), the 
transparent Asian number word systems may influence performance.  
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1.5.4. Explanations for the observed superiority in Asian children 
 
Apart from the above mentioned linguistic reasons, numerous cultural differences have been 
brought up in order to explain these performance differences. These explanations included 
variations in home experience like greater parental expectations towards children and teachers, 
their beliefs about the relative influence of effort on academic achievement or the 
involvement of the family in a child’s education (Song & Ginsburg, 1987; Stevenson & Lee, 
1990; Stevenson, Lee, & Stigler, 1987; Tsao, 2004; Uttal, 1996) as well as school experiences 
like quality and quantity of mathematics teaching, rigor and structure of the mathematics 
curriculum, quality of mathematics textbooks, time allocated to homework and attitudes 
towards homework, higher interest in teaching mathematics by teachers and better education 
of mathematics teachers or more respect for teachers in Asian countries (Chen & Stevenson, 
1989; Hess & Azuma, 1991; Perry, VanderStoep, & Yu, 1993; Stevenson et al., 1985; 
Stevenson et al., 1987; Stevenson & Nerison-Low, 2000; Stevenson, Lee, Chen, Lummis, 
Stigler, Fan, & Ge, 1990; Stigler et al., 1987). Genetically-based advantages of Asian children 
in mathematics or higher intellectual abilities were not found to be the reason for these 
findings (Stevenson et al., 1985; Uttal, 1996).  
 
However, Asian children often show superior performance in mathematics already before 
teaching effectiveness and other school-related factors come into play (e.g., Stevenson et al., 
1987). So there must be another reason for this achievement difference. A weak Whorfian 
effect has been suggested to be the reason for these data. This means that language 
characteristics such as the greater transparency of the Asian number word system and its 
clearer connection to the Arabic number system are important factors having an impact on 
superior mathematics performance (Miller et al., 1995; Miura & Okamoto, 2003). This 
evidence converges with various findings on the influence of language on other cognitive 
domains that support a weak Whorfian hypothesis, e.g., spatial orientation (Wassman & 
Dasen, 1998), discrimination, recognition and memory of colour (Davidoff, Davies, & 
Robertson, 1999; Pilling & Davies, 2004) or theory of mind (Majid, Bowermann, Kita, Haun, 
& Levinson, 2004; Peterson & Siegal, 1995). Hence, it is not unlikely that language 
characteristics also influence number representation and arithmetic abilities.  
 
Because of the massive differences in various mathematics tasks described above, also 
performance differences for Asian children in number transcoding seem to be likely. To date 
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no studies have been carried out which focus on transcoding performance in Asian compared 
to Western children, although this would give a good opportunity to examine how the verbal 
structure influences the acquisition of the Arabic system, which is a core ability in 
mathematics performance. 
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2. Objectives and hypothesis  
 
The present study examined how greater transparency of a number word system and a more 
evident connection to the Arabic system leads to different results in basic mathematic skills 
such as transcoding or base-ten and place-value understanding and in more complex 
arithmetic skills such as addition. In order to compare a number word system that is very 
transparent to a number word system that has various opacities, these skills were examined in 
Japanese and German first grade children. First graders were taken for this study because at 
this age school-related factors should not yet influence their performance to such an extent as 
could be expected in older children. Moreover, two-digit numbers and how to use them is 
learned at this age. Another question was if and how children apply previously learned 
transcoding rules to structures they had not yet learned (three-digit numbers).  
 
In this study it was examined if there is a general difference between the error rates in the two 
languages. A higher error rate in German than in Japanese was expected since it has the more 
complex number word system. Then, using a transcoding task, we examined if the observed 
errors are consistent with the opacities of the respective number word system. For instance, 
the inversion (and its inconsistency in larger numbers) is a language-specific problem for 
German and therefore it is very likely that only German children commit this type of error. 
Also syntactic errors that reflect the understanding of the place-value system were expected to 
be committed more in German children because this number system encounters more place-
value irregularities.  
 
The intransparencies of the German number word system were expected to have further 
impact on other mathematical skills and some of them were also tested here. Because the 
Japanese number system stresses more the grouping by ten structure than the German system, 
it was expected that Japanese first graders show better performance in a base-ten and place-
value understanding task. The Japanese system furthermore facilitates carrying in addition 
tasks so that a performance difference in favour of Japanese children was also expected in this 
latter task.  
 
There has also been an effort to predict and account for transcoding errors by different types 
of transcoding models. Nevertheless, most of them fail at a certain point to fully explain these 
errors and should therefore be reconsidered in this study.  
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3. Method 
 
3.1. Participants 
 
German children 
20 German speaking first graders recruited from a German primary school participated in the 
study (“Katholische Grundschule am Weinberg”, Merzenich); 10 of them were girls. The 
children had a mean age of 7.32 years (SD = 0.36; range [6;7 - 7;8] years). All children spoke 
German as their native language and belonged to the middle socio-cultural class. None of 
them had been noted for having specific difficulties in mathematics or other school problems. 
As the children were tested by the end of grade one, all children had obligatorily attended 4 
classes of 45 minutes mathematic lessons per week. This way, they had learned to calculate 
(addition and subtraction) up to 20 and had begun to read and write numbers up to 100. In the 
curriculum there was no systematic teaching of place-value concepts.  
 
Japanese children 
The Japanese children were matched to their German counterparts: 20 children of the 
“Japanese International School” in Düsseldorf were tested; 7 of them girls. Their mean age 
was 7.27 years (SD = 0.36; [6;5 - 7;7] years). Japanese schools in Germany follow the 
Japanese curricula and teaching language is always Japanese. None of the Japanese children 
did speak any German nor had they been taught German numbers systematically. Mother and 
father of all children were both native Japanese citizens, speaking exclusively Japanese at 
home. They also came from families of middle socio-cultural class and had not been noted for 
having specific difficulties in mathematics. Three children had attended a German 
kindergarten in Düsseldorf, the rest either had gone to a Japanese speaking kindergarten in 
Düsseldorf or to a kindergarten in Japan. Like the German group, the Japanese children were 
tested by the end of grade 1. They also had attended 4 classes of 45 minutes mathematic 
lesson per week and had learned to write numbers up to 20 and to read up to 100. They also 
had learned to calculate (addition and subtraction) only up 20, and, as well, had not received 
systematic teaching of the place-value concept.  
 
 
 
  28 
3.2. Task design 
 
The assessment tasks consisted of two different parts: the first part contained transcoding 
tasks, the second part comprised selected tasks from the TEDI-MATH (Kaufmann, Nuerk, 
Graf, Krinzinger, Delazer, & Willmes, 2009). 
 
Transcoding  
The transcoding task consisted of 2 blocks: writing down Arabic numbers to dictation and 
reading aloud Arabic numbers. Transcoding in both directions of writing and reading was 
tested in order to be more independent from the input-format of the stimuli. 
Each transcoding block consisted of 67 stimuli. A well-balanced sample was presented of the 
different lexical primitives and of the main syntactical structures distinguishing between U, T, 
D, DU, H, UH, HT, HD, HDU, UH and M (see Table 4 further below). Since previous studies 
were carried out with older children focusing mainly on their difficulty regarding the additive 
composition rule in three-digit numbers, we were especially interested in children’s 
performance in two-digit numbers. Thus, more instances of two-digit numbers were offered. 
First graders at this age were expected to have mastered reading, writing and calculating with 
numbers less than 20 (two-digit numbers larger than 20 had been taught more intensively in 
German first graders). Numerical structures not yet learned at school, such as three-digit 
numbers, were presented in order to assess whether children transferred rules already learned 
on simpler number forms in order to transcode these new forms. The items were presented 
pseudo-randomized.  
 
TEDI-MATH 
The TEDI-MATH is a mathematics test developed in 2001 by Van Nieuwenhoven, Gregoire 
and Noël in France for kindergarten children (4 to 6 years) and primary school children from 
first to third grade (6 to 9 years). It was developed not only to test arithmetic abilities but also 
in order to examine specific deficits in children with dyscalculia.  It is a “paper and pencil-
test” and each child is tested individually. Arithmetic development is not a homogeneous 
process but a collection of different components, therefore also dyscalculia is probably not a 
homogeneous disorder but there seem to be different subtypes that are functionally 
independent from each other (Geary, 1993; Temple, 1989; von Aster, 2000). In order to be 
able to identify these different subtypes, the TEDI-MATH consists of six subtests (abstract 
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counting, object counting, number understanding, logical thinking, calculation and estimation) 
that again are divided into several tasks reflecting the different arithmetic components.  
 
3.3. Procedure 
 
After having been introduced to the whole class by the teacher, the examiner tested the 
children individually in a quiet room provided by the school. Children were seated at a table 
face-to-face to the examiner in a way that they could not look into his/her notes. They were 
not told whether their answers were correct or not. When they could not solve a task they 
were encouraged to continue, but without offering any specific help. If they wanted, they 
could take a small break during the test. The TEDI-MATH was administered first, followed 
by the transcoding tasks. 
 
Transcoding 
In the transcoding part, the children were asked to write down Arabic numbers to dictation or 
to read Arabic numbers aloud. In the writing task, they had to write down numbers to 
dictation on a blank sheet; the experimenter read out one number at a time. If necessary, the 
stimulus was repeated. In the reading task, the children were given a small book that showed 
one Arabic number (one-, two- or three-digit) on each page. When the children thought they 
had read out the number correctly, they were allowed to continue with the next page. In each 
of the two blocks, the experimenter gave the children two examples at the beginning to 
familiarise them with the task. Writing to dictation and reading were carried out in alternation. 
Boys and girls were distributed evenly to both groups. 
 
TEDI-MATH 
Three tasks of the TEDI-MATH were tested that were considered to be of special interest in 
order to find out if there is a connection between base-ten and place-value understanding, 
calculation and transcoding, since in these tasks language-specific differences were expected 
compared to other tasks from the TEDI-MATH.  
 
The first two tasks were designed to examine the base-ten and place-value understanding. In 
the base-ten understanding task (Task no. 8.1 in the TEDI-MATH) children first had to 
construct one- and two-digit representations with single sticks and bundles that were 
composed of 10 sticks. Then, in order to test their place-value understanding, they were asked 
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to identify units, decades and hundreds (TEDI-MATH task no. 10) in written two- to five-
digit Arabic numbers. As a calculation task (TEDI-MATH task no. 20) we tested addition of 
single- and two-digit numbers. This last task was discontinued after five successive errors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  31 
4. Results 
 
4.1. Transcoding 
 
Error analysis 
In order to classify the errors committed, the taxonomy of Zuber et al. (2009) was used (Table 
3). This error taxonomy consists of three main categories: (i) lexical errors, (ii) syntactic 
errors, and (iii) combinations of these two errors. Non-responses or other rare errors that did 
not fit into these categories were summarised as “rest”.  
 
 
 
 
Table 3. Transcoding errors. Transcoding errors were grouped into the three main categories lexical, syntactic 
and combined errors.  
 
Lexical errors 
Type 
value: zero-
independent 
value: zero-dependent Class other lexical errors 
Example 24  25 20  22 13  30 125  120 
Syntactic errors 
Type additive composition 
multiplicative 
composition 
inversion 
ignoring 
Inversion 
wrongly 
applied 
other syntactic 
errors 
Example 
17210072 (writing) 
172100 and 72 
(reading) 
200  2100 72  27 103  300 106  1600 
Combined errors 
Type 
lexical & 
syntactic EI 
lexical & 
inversion 
syntactic EI & 
inversion 
lexical, syntactic EI & 
inversion 
Example 127  10021 127  272 127  1072 127  20072 
Constituting 
subtypes 
Value: 2721 
 
Additive comp.: 
1271027 
Value:  
127  227 
 
Inversion:  
27  72 
Additive comp.: 
1271027 
 
Inversion: 27  72 
Value: 127  227 
 
Additive comp.: 
12710027 
 
Inversion: 27  72 
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(i) Lexical errors classically comprise all errors involving the substitution of a lexical element 
by another element without changing the overall size of the number. This error category is 
further subdivided into the following subcategories:  
• “Value errors”: the class of the element is maintained (U, T, D, etc.) but its position 
within the class is wrong. In this subcategory we furthermore distinguished between 
“zero-dependent value errors” referring to elements where the zero was replaced by 
another digit, usually by 1 or by the antecedent digit, e.g., 103 → 113; 90 → 99, and 
“zero-independent value errors” referring to elements where numbers from one to 
nine were mixed up, e.g., 82 → 83. 
• “Class errors”: the position of the element was correct but not its class, e.g., 30 → 13; 
these errors sometimes imply that the number produced contains too many or too few 
digits compared to the stimulus number although they were lexical (e.g., 90 → 9; 6 → 
60).  
• “Other lexical errors”: finally we classified errors which did not fit into these 
subcategories, but were lexical in this error category; these included word omissions, 
e.g., 125 → 120. 
 
(ii) Syntactic errors are considered as errors where the individual elements of the numbers are 
correct but the overall size of the number is too big or too small. As reported by Power and 
Dal Martello (1990), syntactic errors usually contain too many digits due to the insertion of 
zeros. Only very few times zeros are deleted. Syntactic errors mirror the understanding of the 
place-value structure of the Arabic number system. Again, this type of error can be divided 
into three subcategories: 
• “Additive composition errors”: as suggested by the name, this error type refers to 
problems with the additive composition rule with insertion of one (partial 
lexicalisation) or two zeros (complete lexicalisation) in three-digit numbers in the 
writing task: 127 → 1027 or 10027. In reading, children also frequently fragmented 
three-digit numbers. This type of error was also assigned to the additive composition 
error category because it might indicate a wrong understanding or wrong application 
of the additive composition: 127 → “zwölf und sieben”, 127 → “zwölfhundertsieben”.  
• “Multiplicative composition errors”: these errors are supposed to arise from the 
incorrect use of the multiplicative composition rule, e.g., 300 → 3100. The digit 1 is 
wrongly inserted indicating the multiplicative relationship (this error shows a 
complete lexicalisation of the verbal form). In German this error could only be 
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produced in UH stimuli whereas in Japanese also multiplicative composition errors on 
D and DU were possible, e.g., 20 → 210. This syntactic error could only be produced 
in the writing task of Arabic numbers but not in the reading task.  
• “Inversion-related errors”: this category refers to the case that the Arabic number 
contains the correct digits arranged in a wrong order. We furthermore subdivided this 
category in “inversion ignoring errors” and “inversion incorrectly applied errors”. In 
“inversion ignoring errors” the inversion of the German verbal form was ignored and 
digits were transcoded in the order of the verbal numerals, e.g., T: 17 → 71 or D: 25 
→ 52. These errors could be produced for T and DU structures. On the other hand, 
“inversion incorrectly applied errors” were produced in numbers that do not have this 
inversion property in the verbal form (D, HU, HD, UH) but where the children 
transcoded them in an inverted manner, e.g., D: 90 → 09; HU: 102 → 200; HD: 150 
→ 105 and UH: 500 → 105.  
• We again categorized errors that did not fit into the former subcategories as “other 
syntactic errors”, comprising errors where all digits of a number appeared correctly 
but their sequence was mixed up and usually contained too many zeros, e.g., 106 → 
16000. 
 
(iii) So-called “combined errors” were coded such that one response could contain multiple 
errors and/or error categories. 
In order to stress the role of inversion errors within German combined errors, inversion errors 
were coded separately though they are normally summarised into the group of syntactic errors. 
Therefore combined syntactic errors exclusively included additive and multiplicative 
composition and other syntactic errors, but no inversion-related errors, and will be further 
referred to as “syntactic except inversion” = “syntactic EI”. Both types of inversion-related 
errors are summarised as “inversion errors” here.  Hence, the combined error category 
consisted of “lexical - syntactic EI combined errors” (e.g., 127 → 10021 contains an additive 
composition error and a value error), “lexical - inversion combined errors” (e.g., 127 → 272 
contains a zero-independent value error and an inversion ignoring error), “syntactic EI - 
inversion combined errors” (e.g., 127 → 1072 contains an additive composition error and an 
inversion ignoring error), and “lexical - syntactic EI - inversion combined errors” (e.g., 127 
→ 20072 contains a zero-independent value error, an additive composition error and an 
inversion error).  
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Errors not belonging to these three categories were summarised as “rest”. This category 
basically consisted of non-responses. However, also very rare errors such as perseverations, 
writing Chinese number characters instead of Arabic numbers as well as grapho-motoric 
errors (e.g., writing digits in a mirror-inverted manner) were included into this error category. 
 
Transcoding results 
Inferential statistical analyses were carried out with arcsine-transformed error proportions to 
approximate a normal distribution; descriptive data is presented without this transformation. 
In several figures the error distribution across different error categories will be given as 
relative frequency per category in order to ensure better comparison for both languages 
because the absolute error rates differed strongly in the two language groups (Japanese 
children committed considerably fewer errors in all tasks). There were 4.4% (118/2680) non-
responses or other errors that were summarised as “rest” in German children and 0.3% 
(8/2680) in Japanese children. Since the results did not change substantially when excluding 
these errors, they were not included in the analyses. Error frequencies for one-, two- and 
three-digit numbers are furthermore depicted in Table 4, and the absolute error rates for all 
error categories are given in Table 5. 
 
To examine the general influence of language on the two transcoding modes proposed, the 
overall error rate was analyzed using a 2 × 2 repeated measures ANOVA comprising the 
factors ‘transcoding mode’ (writing vs. reading) and ‘language’ (German vs. Japanese). Main 
effects were present for both factors and their direction was as expected (Figure 1): children 
committed more errors in the writing than in the reading condition [F(1,19) = 17.61, p < .001], 
and German children presented more errors than their Japanese counterparts [F(1,19) = 51.59; 
p < .001]. Moreover, both factors interacted reliably [F(1,19) = 7.16, p < .05]: German 
children made disproportionately more errors when they had to write down Arabic numbers 
than Japanese speaking children.   
 
To examine possible relations of these distributions to language-specific features the relative 
error frequencies for German and Japanese
2
 were analysed separately within each category.  
                                            
 
 
2
 To enable the application of ANOVAs on the relative error frequencies, we excluded one error subcategory 
(that were only of marginal interest for the results and that enclosed almost no errors) from the each of the 
analyses: “other syntactic/lexical errors” for the syntactic/lexical error category and “lexical - inversion errors” 
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Table 4. Item structure and mean error percentage. No errors were committed in single-digit items in both 
languages in both transcoding tasks; more errors were produced on two-digit numbers (especially DU structures 
in German), but the majority of errors were produced on three-digit numbers, mainly in the writing condition. 
 
   Writing Reading 
   German Japanese German Japanese 
Structure Items Example Errors % (SD) Errors % (SD) Errors % (SD) Errors % (SD) 
U 9 5 0 0 0 0 0 0 0 0 0 0 0 0 
T 9 18 10 5.55 0.88 1 0.56 0.32 6 3.33 0.71 3 1.67 0.71 
D 9 20 17 9.44 1.30 0 0 0 7 3.89 0.83 6 3.33 0.71 
DU 18 27 108 30.00 1.78 2 0.56 0.47 67 18.61 1.60 1 0.28 0.24 
H 1 100 3 15.00 0 0 0 0 1 5.00 0 0 0 0 
HU 4 103 42 52.50 0.58 11 13.75 0.50 44 55.00 2.94 3 3.75 0.96 
HT 4 112 56 70.00 1.15 17 21.25 0.50 48 60.00 0.82 1 1.25 0.50 
HD 4 150 50 62.50 0.58 14 17.50 1.30 34 42.50 1.72 1 1.25 0.50 
HDU 4 167 56 70.00 1.41 9 11.25 0.96 43 53.75 1.50 2 2.50 0.57 
UH 4 300 43 53.75 2.87 4 5.00 0 27 33.75 0.96 5 0.63 1.50 
M 1 1000 5 25.00 0 3 15.00 0 6 30.00 0 0 0 0 
 
Table 5. Absolute error rates for all error categories. In all error categories German children committed many 
more errors than their age-matched Japanese counterparts. 
 
 
                                                                                                                                        
for the combined errors. Thus, the relative error frequencies did not add up to 100%, making this proceeding 
possible. 
 Writing Reading 
Error type German Japanese German Japanese 
 Errors % (SD) Errors % (SD) Errors % (SD) Errors % (SD) 
Syntactic (total) 307 22.91 10.4 46 3.43 4.53 138 10.29 7.38 8 0.6 1.18 
Additive comp. 135 10.08 6.36 40 2.99 4.05 70 5.22 4.00 3 0.22 0.37 
Multiplicative comp. 18 8.28 5.44 3 0.22 0.67 0 0 0 0 0 0 
Inversion ignoring 111 8.28 5.44 0 0 0 32 2.39 3.00 1 0.07 0.22 
Invers. wrongl. appl. 41 3.06 1.67 3 0.22 0.49 8 0.60 0.88 1 0.07 0.22 
Other syntactic 2 0.15 0.45 0 0 0 28 2.09 2.48 3 0.22 0.37 
Lexical (total) 49 3.66 3.2 13 0.97 1.38 53 3.98 3.10 11 0.82 2.11 
Value zero-dep. 8 0.60 1.57 6 0.44 0.92 9 0.67 1.10 5 0.37 0.91 
Value zero-indep. 11 0.82 1.23 2 0.14 0.31 10 0.75 0.89 1 0.07 0.22 
Class 15 1.11 1.48 2 0.15 0.3 20 1.49 1.26 2 0.15 0.31 
Other lexical 15 1.11 0.91 3 0.22 0.67 14 1.04 1.03 3 0.81 0.67 
Combination (total) 68 5.07 4.95 1 0.07 0.22 21 1.57 1.50 0 0 0 
Lexical-syntEI 12 0.90 1.05 1 0.07 0.22 11 0.82 1.05 0 0 0 
Lexical-inversion 4 0.30 0.52 0 0 0 5 0.37 0.55 0 0 0 
Lex.-syntEI-invers. 4 0.30 0.7 0 0 0 1 0.07 0.22 0 0 0 
syntactic-inversion 48 3.58 3.95 0 0 0 4 0.29 0.52 0 0 0 
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Figure 1. Transcoding: overall errors. In both transcoding tasks Japanese children produced much fewer errors 
than their German counterparts.  
 
 
Writing  
In order to examine the influence of language on specific error categories in writing, a 2 × 3 
repeated measures ANOVA comprising the factors ‘languages’ (German vs. Japanese) and 
‘error categories’ (lexical, syntactic, combined errors) was carried out. The ANOVA revealed 
highly significant effects of language [F(1,19) = 31.34, p < .001] and of error category 
[F(2,18) = 22.40, p < .001]. There was also a statistically reliable interaction between 
language and error category (Figure 2): German children performed in all categories worse 
than Japanese children, but they produced over-additively more syntactical errors [F(2,18) = 
24.89, p < .001].  
 
The most eye-catching difference was observed for the overall error rate: German children 
performed with an overall error rate of 31.6% (424 of 1340 stimuli were written down 
incorrectly), and every child produced at least two errors. This means that German children 
produced seven times more errors than their Japanese counterparts who committed errors in 
only 4.5% of the cases (60/1340). These errors were produced by 11 Japanese children. 
 
German children committed more errors in all three error categories [all ts (19) > 2.54, all ps 
< 0.01, all Bonferroni-Holm corrected]. However, the difference between the two languages 
was largest for syntactic errors that mirror the understanding of the place value system.  
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Figure 2. Writing: error distribution. In both groups syntactic errors were the most frequent errors. 
 
 
We conducted a 2 × 3 ANOVA comprising the factors ‘language’ (German vs. Japanese) and 
‘syntactic errors’ (additive composition, multiplicative composition, inversion). The factors 
‘language’ and ‘syntactic errors’ interacted reliably [F(2,18) = 9.35, p < .01], and the analysis 
of the syntactic errors showed that the relative frequency distribution of the three syntactic 
error subcategories followed the language specificities: while the difference between additive 
and multiplicative composition errors (these rules exist in both languages) did not differ 
between German and Japanese first-graders, inversion errors were relatively more often in 
German children.    
 
The descriptive data further emphasize this performance difference (Figure 3): German 
children produced numerous inversion errors in two-digit numbers (also see Table 5), and also 
in three-digit numbers many inversion errors were produced, but then they were often 
combined with other syntactic problems (see combined errors further below). On the other 
hand, Japanese children only produced three “inversion wrongly applied errors” on three-digit 
numbers, mainly in HU or UH (e.g., 103 → 130). 
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Figure 3. Writing: syntactic errors. Most syntactic errors were due to additive composition errors for both 
languages. German children also produced numerous inversion-related errors. 
 
 
As can be seen in Figure 3, the considerably high rate for syntactic errors in both languages 
was mostly due to additive composition errors that constituted a problem particularly for 
three-digit numbers in both language groups. 
In contrast, pure multiplicative composition errors were relatively rare in both groups. 
However, only in a small amount of stimuli, namely in the UH structure, this error could be 
produced (and in theory also in D and DU for Japanese children – however, no multiplicative 
composition error was observed here).  
 
Also for lexical errors a 2 (languages) x 3 (lexical errors: zero-dependent value, zero-
independent value, class) ANOVA was conducted. Both factors did not reach significance 
[both Fs < 1, both ps < .71]. This was not very surprising because the differences between 
both languages in the lexical domain were not as clear as in the syntactic domain.  
 
However, descriptive data showed some interesting differences for the two language groups 
(cf. Figure 4): Lexical errors in the Japanese group were predominantly zero-dependent value 
errors in which 0 was substituted most often by 1 (e.g., 109 → 119) or zero-independent value 
errors in which the role of 1 in three-digit numbers was not stressed and therefore omitted by 
the children (e.g., 112 → 012, 115 →105). In contrast, for German speaking children, class 
errors were most prominent in this error category, and children often transcoded D structures 
to T structures (e.g., 30 → 13, 170 → 117). The reverse direction from T to D was less 
frequent (e.g., 15 → 50). Other class errors were very rare (e.g., 100 → 1000).  
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Figure 4. Writing: lexical errors. Lexical errors in Japanese first graders were mostly due to zero-dependent 
value errors while for German they were mostly due to class errors. 
 
 
Finally, the 2 (languages) x 3 (combined errors: lexical – syntactic EI, syntactic EI – inversion, 
lexical – inversion – syntactic) ANOVA for combined errors revealed a significant main 
effect of error categories [F(2,18) = 5.90, p < .05]. However, no effect of language [F(1,19) 
= .30, p = .98] nor an interaction [F(2,18) = .86, p = .44] could be found. Syntactic EI – 
inversion combined errors were by far the most frequent errors (Figure 5). 
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Figure 5. Writing: combined errors. German children produced many combined errors, and often inversion-
related errors were combined with other syntactic difficulties (syntactic errors except inversion: syntEI), these 
consisted mainly of additive composition errors. Only one Japanese child produced one combined error.    
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Whereas only one Japanese child produced one combined error (lexical – syntactic EI), 
combined errors were very often produced by German children, and many errors stemmed 
from inversion-related problems. Inversion errors and additive composition errors were the 
most frequent errors in the purely syntactic error category, and these two errors also often 
appeared together within one number (especially in three-digit numbers). 
 
The difficulty regarding the inversion property becomes even more striking when splitting all 
errors into inversion-related and inversion-unrelated errors: almost half of all errors produced 
by the German children were inversion-related (208/424), whereas Japanese children 
committed hardly any inversion-related errors (3/60). German children produced 69 times 
more inversion-related errors than their Japanese counterparts (Figure 6). 
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Figure 6. Writing: inversion-related errors. Almost half of the errors committed by German children were 
inversion-related errors.  
 
 
Although German children produced many more errors across all stimulus groups, the error 
distribution over the different stimulus groups was similar with most errors being committed 
on three-digit numbers in both language groups (also see Table 4). However, German first 
graders still had to struggle more with two-digit numbers, especially DU structures (most 
errors being inversion errors), than their Japanese counterparts. 
 
Sometimes, German children started by writing the unit digit of a number, followed by the 
decade digit on its left. Since this procedure leads to the correct result it can be seen as a 
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writing strategy that fits better to the inverted order of units and decades in the verbal German 
number system (“first verbal number word → Arabic digit on the right side, followed by the 
second verbal number word → Arabic digit on the left side”). In the present study, 12 of 20 
German children presented with this writing order occasionally, especially in DU structures in 
which 11.1% of all stimuli (40/360) were written down in this way; also in some teens this 
order of writing could be observed (2.2%, 4/180). While these two structures indeed start with 
the unit word, this is not the case for D. Nevertheless, in two cases German children started 
writing the zero on the right and then continued to the decade digit on its left (1.1%, 2/180). 
The children sometimes also used this writing strategy for the last two digits in three-digit 
numbers such as HT (2.5%, 2/80), HD (2.5%, 2/80) and HDU (10.0%, 8/80): starting on the 
left side by writing down the hundred digit, leaving some space, then writing the rightmost 
unit digit and, finally, filling the empty slot in the middle with the decade digit. This way, the 
children followed exactly the order of words of the verbal code. Not surprisingly, none of the 
Japanese children presented this strategy of writing.  
 
Reading 
The results of the reading task corroborated the results obtained in the writing task. However, 
the results for the reading task were less clear than the ones for the writing task: since reading 
errors were less frequent floor effects were found in some error categories. Nevertheless, the 
results for reading are reported here for completeness. The same analyses as for the writing 
condition were conducted. 
 
The 2 (languages) x 3 (main error categories) ANOVA for the overall performance in both 
groups again revealed a highly significant effect of language [F(1,19) = 19.16, p < .001] and 
of error category [F(2,18) = 7.08, p < .001]. The interaction of language and error categories 
was reliable [F(2,37) = 6.00, p < .01], indicating that the frequency pattern across the three 
error categories differed between the languages. Again, German children produced more 
errors than their Japanese counterparts in all three error categories [all ts (19) > 3.21, all ps 
< .01; all Bonferroni-Holm corrected]. As in writing, Japanese children produced less 
syntactic errors in reading reflecting their better understanding of the place-value system 
(Figure 7).  
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Figure 7. Reading: error distribution. German children again produced much more syntactic errors (mainly due 
to fragmentation) than their Japanese counterparts.  
 
 
When reading Arabic numbers, children in both groups produced fewer errors. However, the 
absolute error rate differed strongly: German first graders produced eleven times more errors 
with an error rate of 15.8% (212/1340); one child managed to commit no error. Japanese 
children’s overall error rate was 1.4% (19/1340); 9 Children did not produce any error at all; 
four of them were also faultless in the writing task (Figure 1).  
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Figure 8. Reading: syntactic errors. Many errors were due to fragmentations that were classified as additive 
composition errors. Note that this figure shows the relative error frequencies - in absolute figures the Japanese 
children committed much fewer errors.  
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However, Figure 8 depicts similar tendencies as in the writing condition. When transcoding 
from the Arabic to the verbal code, German children produced many syntactic errors: They 
often fragmented three-digit stimuli or rearranged them wrongly after fragmenting them, e.g., 
127 → “12 and 7” or 127 → “zwölfhundertsieben”. Again, they produced numerous 
inversion-related errors in all stimulus groups. In contrast to this, Japanese children produced 
very few syntactic errors: Only three cases of fragmentations and two inversion-related errors 
could be observed. 
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Figure 9. Reading: lexical errors. Like in the writing task, lexical errors in Japanese children were mostly due to 
zero-dependent value errors while in German children they were mostly due to class errors. 
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Figure 10. Reading: combined errors. Japanese children did not produce any combined errors in this transcoding 
task.  
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Also in the 2 (languages) x 3 (lexical errors) ANOVA for lexical errors no main effect and no 
interaction reached significance [all Fs < 1.25, all ps > .07]. Again, within these lexical errors, 
Japanese children had the greatest difficulties with zero-dependent value errors, whereas 
German children showed most problems in allocating a stimulus to the right class (again, 
mainly D to T, Figure 9).  
 
Since combined errors were only produced by German children, the two language groups 
could not be compared by inferential statistics. However, in reading half of the combined 
errors were inversion-related (Figure 10).   
 
When looking at the overall error frequency, German children showed much less inversion-
related errors (50/212) in this reading task but still produced 25 times more inversion-related 
errors than Japanese first graders who committed about the same amount of these errors as in 
the writing task (2/19) (Figure 11). Again, the majority of errors was produced in three-digit 
numbers in both language groups (see Table 4).  
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Figure 11. Reading: inversion-related errors. Fewer inversion-related errors were produced in general than in the 
writing task but German children still produced much more inversion-related errors than Japanese children. 
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4.2. TEDI-MATH 
 
Error analysis 
Responses in the TEDI-MATH were scored as specified in the TEDI-MATH manual: in the 
base-ten understanding task (TEDI-MATH task no. 8.1) the answer was rated as correct when 
children used a canonical base-ten representation to represent the given number. In the place-
value understanding task (TEDI-MATH task no. 10), they had to mark the respective digit 
correctly, and in the calculation task (TEDI-MATH task no. 20) the children had to name the 
correct answer. To explore the children’s difficulties in more detail, the calculation task was 
divided into three subgroups: in the first subgroup the sum did not exceed 10, in the second 
subgroup the sum was between 10 and 20 (both addends were smaller than 10), and in the 
third subgroup the sum exceeded 20 (one or both addends were two-digit numbers). The latter 
two subgroups required carrying.  
 
Performance analysis 
 
Base-ten and place-value understanding 
In the first task examining base-ten understanding, Japanese children showed significantly 
better performance compared to German children [t(38)  = 3.57; p < .001]: they were more 
often and more accurately able to build a canonical base-ten construction with sticks and bars 
of ten sticks (Figure 12). 
 
In the next task, children were asked to identify units, decades and hundreds. No German first 
grader was able to solve this problem correctly (at the time of testing they had not been 
instructed about this subject matter at school). At the beginning, Japanese children also 
showed difficulties; however, after being instructed at school their performance improved 
considerably, even allowing some children to identify all items correctly [t(19) = 2.89; p 
< .01]. So the performance of this task clearly depended on whether children had been taught 
at school about this problem rather than on language-dependent differences in place-value 
understanding.  
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Base-ten understanding: error rate
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Figure 12. Base-ten understanding: error rate. German children showed more difficulties in the base-ten 
understanding than their Japanese counterparts. 
 
 
Addition 
We conducted a 2 (languages) x 3 (error category subgroups: sum < 10, sum 10 – 20, sum > 
20) ANOVA and found significant effects of language [F(1,38) = 14.08, p < .001] and of 
subgroups [F(2,37) = 53.40, p < .001] with best results in the first subgroup. In contrast to our 
hypothesis, the interaction was not significant [F(2,37) = 0.61, p = .549].  
 
Japanese children committed less error in total (Figure 13), which resulted from less errors in 
each of the three subgroups. However, in the third subgroup [t(38) = 1.67; p < .05] the 
difference was less clear than in the other two groups [both ts(38) = 2.57; both ps < .01, all 
Bonferroni-Holm corrected]. The difference for the tasks requiring carrying is also reliable 
(t(38) = 2.52, p < .05). 
 
These findings show that Japanese children performed significantly better in addition 
compared to their German counterparts. However, this result was most evident for tasks they 
had already been taught at school (calculation up to 20). In tasks they had not yet learned at 
school performance depended on the children’s general understanding of mathematics.   
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Figure 13. Addition: error rate. German children produced more errors than Japanese children in all three 
subgroups. 
  
 
Correlation between base-ten/place-value understanding and addition 
In order to analyze the different TEDI-MATH tasks for associations between them, 
performance data were subjected to correlation analyses (all correlations tested one-sided). 
 
In all three subgroups of the addition task the correlation with the base-ten understanding task 
was significantly different from zero [all r > .23; all p < .05, all Bonferroni-Holm corrected]: 
The better the base-ten understanding is, the better the addition skills. Especially when 
looking at the subgroup requiring carrying [r = .56; p < .001], it becomes clear that base-ten 
understanding covaries with addition and that a good base-ten understanding is important for 
solving addition tasks especially for problems where children have to carry.  
 
4.3. Correlation between the TEDI-MATH tasks and transcoding 
 
It was hypothesised that children’s transcoding performance may be related to their 
performance in other mathematical tasks which we had tested with the TEDI-MATH. To 
examine this influence we used correlation and standard linear regression analyses (again, 
correlations tested one-sided). 
 
Fist of all, the correlation between writing and reading performance in the transcoding tasks 
was highly significant [r = .59; p < .001] which means that if children were good/poor at 
writing Arabic numerals they also were good/poor at reading them out. 
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Furthermore, a significant correlation between writing performance and the base-ten 
understanding task [r = .61; p < .001] as well as addition (in total) [r = .57; p < .001] was 
found: children who knew well to write Arabic numbers to dictation also had a good base-ten 
understanding and were good in addition (in all three subgroups of the addition task, a 
significant correlation between writing in the transcoding task and addition could be found, 
the strongest correlation was found in the second subgroup (sum 10 – 20) [r = .52, p < .001], 
the weakest in the third subgroup (sum > 20) [r = .18, p < .05, all Bonferroni-Holm 
corrected]).  
 
For the reading condition correlations were similar, but less clear-cut: the correlation with the 
base-ten understanding task was significant [r = .42; p < .01] as well as the correlation with 
addition  (in  total)  [r  =  .31;  p  <  .05]   (in   the  first  two  subgroups  the   correlation   was 
significantly different from zero [both r < .30; both p > .05, again all Bonferroni-Holm 
corrected], and in the third subgroup the correlation just failed to reach significance [r = .26; p 
= .051]). Hence, children who were good at reading Arabic numbers also were good in 
addition.  
 
Standard linear regression analyses were performed in order to explore which variables were 
most important for predicting transcoding performance (predictors in the model: German +1, 
Japanese -1). 
 
Standardized regression coefficients (β) indicate that the language of the number system was 
the strongest predictor when considering writing and reading errors in total (Table 6): 
Japanese children had a great advantage because of their transparent number word system. 
For writing, besides the language, also the base-ten understanding predicted children’s 
transcoding performance. This means that German children with a good base-ten 
understanding could partly compensate for the disadvantage of the intransparent number word 
system.  
 
Standard linear regression analysis was also conducted for predicting inversion-related errors. 
Not surprisingly, the strongest predictor was the language in both transcoding tasks. In 
inversion errors in reading, also base-ten understanding and even children’s gender played a 
role to predict the transcoding performance (boys showed better performance than girls). 
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Table 6. Regression predictors for performance in the transcoding tasks.  (Writing: total errors: R =.76, R² =.58, 
adjusted R² =.56; Reading: total errors: R =.96, R² =.91, adjusted R² =.91; Writing: inversion errors: R =.80, R² 
=.63, adjusted R² =.64; Reading: inversion errors: R =.74, R² =.54, adjusted R² =.50) 
 
Criterion Predictor b ß t p-value 
Writing: total errors language .397 .705 6.12 <.001 
 base-ten understanding .343 .342 2.79 .008 
Reading: total errors language 1.030 .955 19.95 <.001 
Writing: inversion errors language .252 .801 8.35 <.001 
Reading: inversion errors language .176 .627 4.96 <.001 
 base-ten understanding .170 .339 2.47 .018 
 gender .072 .253 2.21 .033 
 
 
Finally, we performed standard regression analysis to examine which factors could predict for 
children’s addition performance (Table 7). Again, language was the strongest predictor for 
addition tasks with results smaller than 10. Interestingly, for tasks with results between 10 and 
20, not the language but only the performance in the writing tasks was a significant predictor. 
Children were able to correctly solve an addition problem not when they used the more 
transparent system but when they were able to write down Arabic numbers to dictation 
correctly. In the subgroup for results over 20 no significant predictor was found.  
 
 
Table 7. Regression predictors for performance in the subgroups of the addition task. 
(Addition<10: R = .49, R² = .24, adjusted R² = .22; Addition 10-20: R = .52, R² = .27, adjusted R² = .25) 
 
Criterion Predictor b ß t p-value 
Addition < 10 language .178 .494 3.50 <.001 
Addition 10 – 20 writing: total errors .627 .517 3.73 <.001 
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5. Discussion 
 
5.1. Transcoding 
 
Trans-linguistic performance comparison 
 
The aim of the first part of this study was to examine the influence of language on the 
acquisition of number systems by comparing German and Japanese children’s transcoding 
performance. We were interested if there is a general difference between the error rates, 
because German children use the much more intransparent number word system and if these 
errors also reflect the specific intransparencies of the number word systems. For this purpose 
two transcoding tasks were conducted: writing Arabic numbers to dictation and reading out 
Arabic numbers. 
 
Japanese children, who use a much more transparent number system than German speaking 
children, produced less errors in general and the errors observed in Japanese children reflected 
exactly the few intransparent aspects of their number word system. In the lexical error 
category, errors were most frequent when the role of 1 was not stressed (e.g., in HT 
structures) and it was therefore replaced by 0, or where the role of 0 as a placeholder (e.g., in 
HU structures) was not clear and it was replaced by other digits. In the syntactic error 
category most errors stemmed from difficulties concerning additive composition in numbers 
larger than 100. This problem regarding the additive composition in three-digit numbers has 
already been shown to be the greatest problem for first- to third-grade children in different 
languages (e.g. Italian: Power & Dal Martello, 1990, 1997; French: Seron et al., 1991). Also 
the few errors that were classified as “inversion wrongly applied” have already been described 
in literature and are typical for children learning three-digit numbers, e.g., 200 → “hundred 
two”, and also children using number word systems without an inversion property have been 
observed to commit this type of error (Power & Dal Martello, 1997). 
 
In line with these findings, German children produced most errors where the German number 
system is not transparent. However, the German number system contains much more 
intransparencies (as described before in section 1.4.2. The German number word system) - the 
most striking intransparency being the inversion property in DU structures. Hence, inversion-
related errors were very frequent and these errors were not limited to structures that in fact 
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contained an inversion of words but even extended to numbers without an inversion. So the 
inversion property poses considerable problems to German children (see also Lochy et al., 
unpublished). However, while inversion-related errors reveal a specific problem of the 
German number system and the higher error rate was therefore to be expected, the additive 
composition rule also exists in the Japanese system. Still, German children still produced 4 
(writing) and 23 (reading) times more additive composition errors than their Japanese 
counterparts. This language-unspecific problem could be explained by the fact that Japanese 
children can concentrate more on internalising the additive composition rule already in two-
digit numbers because there are not many other syntactic rules they have to pay attention to. 
In contrast to this, German children have the intransparency of the inversion in two-digit 
numbers and therefore cannot focus attention on the acquisition of this syntactic rule as 
intensely, which consequently leads to problems with this rule in three-digit numbers. 
Furthermore, German children also committed more errors in the second syntactic error 
category, the multiplicative composition error, which is also not a language-specific problem. 
The reason for this higher error rate seems to be that Japanese children apply the 
multiplicative composition rule already in D structures (e.g., 40 is “yon-juu” (“four-ten”)) and 
are therefore familiar with this syntactic rule and can more easily apply it also to UH 
structures, whereas German children have to deal with this rule for the first time in three-digit 
numbers.  
 
Yet, the higher error rate for German children in the present study was not confined to 
syntactic problems; they also showed more lexical difficulties. German children produced 
considerably more class errors than their Japanese counterparts, which could be due to the 
phonological similarity of T and D structures in German (e.g., 14 → “vierzehn”, 40 → 
“vierzig”) while in Japanese these structures are clearly differentiated (14 →  “juu-yon” and 
40 →  “yon-juu”). So this discrepancy can also be seen as language-specific.  
 
Finally, in addition to these revealing errors in reading and writing Arabic numbers, a strategy 
developed to overcome the problems with the inversion property in the German language by 
writing two-digit numbers from right to left could also be observed. This strategy was 
described by Lochy et al. (unpublished) for German speaking children and has its peak at the 
end of the first school year (the time of our testing session). This language-specific strategy to 
overcome the German inversion was not observed in Japanese children. 
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Compared to Lochy et al. (unpublished), who tested Belgian and Austrian first grade children, 
the differences in transcoding performance in the two language groups were greater in our 
study. This discovery was not very surprising since in our study a very transparent number 
system was compared to a quite intransparent number system (Japanese vs. German) and 
these two systems show various differences in their syntax while in the study by Lochy et al. 
both number systems (Belgian French vs. German) are rather intransparent and their syntax 
shows some similarity (the greatest difference was the German inversion). 
 
In this context also studies on transcoding and working memory have to be considered. 
Barrouillet et al. (2004) found working memory to reliably predict transcoding performance 
and more specifically Zuber et al. (2009) found that working memory capacities are especially 
important for transcoding inverted numbers. Therefore, a transparent number word system 
such as the Japanese one might require less working memory capacities and might thus be less 
error prone, in general. 
 
To summarise, the findings in this first part of our study clearly showed linguistic influences 
on acquisition of transcoding because for German children using the much more intransparent 
number system the error rate was much higher. Moreover, the observed errors mainly 
occurred on intransparent structures and reflected the structure of the verbal number word 
(additive composition errors, inversion errors, etc.).   
 
Transcoding models  
 
In the following section it will be discussed how these transcoding data could be accounted 
for by the different types of transcoding models: by asemantic models that propose a step by 
step algorithm or by semantic models that propose a representation of quantity in the 
transcoding process. For this purpose only developmental models should be used since adult 
models can not be applied “untested” to developmental data as stated by Kaufmann and 
Nuerk (2005). For instance, while in adults reliable pre-morbid functional data can be 
obtained rather easily, this is not the case for developmental studies where one has to deal 
with many unknown factors. Furthermore, when considering the triple-code model with its 
neuro-anatomical embedding, it is obvious that this model can explain acquired calculation 
disorders associated with their specific neuro-anatomical lesions but it fails to explain 
children’s mathematical difficulties that generally can not be linked to circumscribed lesions 
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or brain areas but are rather attributed to various aetiologies. Therefore, only developmental 
transcoding models (that can be seen as sub-models of the triple-code model) will be 
discussed. For each type one representative model will be chosen: ADAPT for the asemantic 
models (Barrouillet et al., 2004) and the one proposed by Power and Dal Martello (1990) for 
the semantic models.  
 
ADAPT model 
ADAPT, which was proposed by Barrouillet et al. (2004), is the most suited asemantic 
transcoding model for describing developmental changes in young children. It states precisely 
which steps are required at which level to successfully transcode from the verbal to the 
written form: first the verbal string is parsed into units (with each unit being the largest 
available in long term memory), then these units are processed sequentially and trigger certain 
transcoding operations. The authors state that the transcoding process evolves through 
practice by adding new units to long term memory so that the transcoding process shifts from 
algorithmic strategies at a young age to direct fact retrieval in more advanced learners. Hence, 
a semantic representation and a complex understanding of the number itself is not required 
during the transcoding process. This model was evaluated with French speaking second and 
third grade children and proved to be a good predictor for transcoding errors.  
 
However, so far it fails to explain the processes involved in transcoding inverted numbers so 
that a specific rule describing how and when these words are inverted has to be added. One 
may assume that after this inversion rule has been acquired, it is then simply stored in long 
term memory as a rule that has to be applied after the verbal string has been parsed in the first 
step (the parsing process should recognise the primitives on which this inversion rule has to 
be applied). 
  
Hence, after adding some language-specific rules, ADAPT can indeed be used as an 
explanatory framework to describe transcoding and it is especially suited for learning 
processes in young children as was proposed by its authors. 
 
Power and Dal Martello’s lexical-semantic model  
In contrast to the position of asemantic models, the model proposed by Power and Dal 
Martello (1990) assumes that a semantic representation has to be built in order to successfully 
transcode from the verbal to the written code. According to the authors, the semantic number 
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representation is linked to the verbal code by sum and product relationships at the 
comprehension stage. This representation is then followed by a production stage that activates 
concatenation and/or overwriting operators. Power and Dal Martello suggest the 
representation to be language-specific; however, they did not specify this assumption. This 
model was evaluated with Italian children and also accounted for transcoding difficulties in 
patient studies, namely that the manipulation of the overwriting rule (additive composition) is 
more difficult and error prone than manipulation of the concatenation rule (multiplicative 
composition). Yet, it does not explain how language specific properties such as inverted 
numbers in the German language or the complex DU structures in French influence this 
semantic representation and how they are processed. Also it fails to explain whether 
transcoding errors arise at the comprehension stage or the production stage.  
 
Lochy et al. (unpublished), who studied inversion in German children, preferred the idea that 
errors are already committed at the comprehension stage. The authors described two possible 
ways how the semantic representation could be presented: taking 27 as an example, the 
representation is either C7 + C20 which mirrors the inverted order of words directly and 
which is therefore characteristic of the German number word system or it is C20 + C7 which 
is also the representation built in other languages. The authors found this second idea to be the 
more convincing one. If the representation was different in different languages, then also 
different production rules have to be assumed. In this case, an inversion operator “§” has to be 
postulated for the German language that must be able to recognise correctly units and decades 
and must only apply to these structures but not generalise to other structures (such as 
hundreds). Inversion errors would then arise at the production stage. On the other hand, if 
inversion errors in German do not stem from the production stage, but are already committed 
at the comprehension stage (which means that the semantic representation is the same in all 
languages), the invertor § would invert the digits after a segmentation step such as 
“siebenundzwanzig” → “sieben/und/zwanzig” § → C20 + C7. To Lochy et al. (unpublished) 
this second possibility seemed to be more plausible although it also requires a kind of lexical 
identification; but this latter process has to be applied only at the verbal comprehension stage 
instead of at the abstract semantic level.  
 
Nevertheless, several authors favour the idea that the semantic representation is in fact 
language-specific and that transcoding errors arise at the production stage. When explaining 
their model first, Power and Dal Martello (1990) supposed the semantic representation to be 
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linked to the verbal code, but without specifying this statement. However, there is evidence 
supporting this assumption. For instance, Seron and Fayol (1994) in a developmental study 
found that transcoding errors were more likely to be caused by a wrong production that 
follows the semantic representation. The representation of quantity was thought to reflect the 
linguistic structure which means that in France and Belgium “quatre vingt” (80) is represented 
as C4 x C20, and in the next step a concatenation operator is activated. Difficulties in this 
production stage explain errors such as “420”. In their study, apart from transcoding, children 
had to solve some additional tasks examining their comprehension of the verbal number word 
system as well as of the Arabic number system. The data suggested that errors were due to 
production problems and not to comprehension problems. Also errors observed in a patient 
study by Blanken, Dorn and Sinn (1997) rather favoured the idea that transcoding errors stem 
from difficulties at the production stage and not the comprehension stage. Finally, the 
differences Nuerk et al. (2005) found between English and German speaking adults for Arabic 
non-verbal magnitude comparison suggest that the semantic representation of numbers is 
language-dependent. Furthermore, children are first exposed to verbal number words and 
therefore master the verbal notation before learning the Arabic notation. Therefore it is 
plausible that the main focus of their transcoding difficulties would be located in the Arabic 
number production process and not in the comprehension process. 
 
To conclude, the model proposed by Power and Dal Martello (1990) in fact explains how 
transcoding is processed in young children; however, similar to the ADAPT model it needs 
some modifications so it can be applied to different languages (e.g. an inversion operator § for 
German number words). There is data accumulating that the semantic representation that is 
build during the transcoding process reflects the verbal form, and that transcoding errors arise 
at the production stage (following a correct comprehension stage). Yet, these questions 
remain to be explored further in future studies.  
 
Asemantic or semantic transcoding model? 
Some findings raise doubts to whether asemantic models are universally valid or whether a 
semantic representation is necessary or not when transcoding from one notational system to 
the other. 
 
The first and most obvious reason is that this asemantic step by step transcoding mode does 
not explain how transcoding is processed in number systems that are not arranged in a base-
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ten structure like the Arabic numerals. Several languages use bases other than 10 and these 
languages require mental arithmetic in order to construct a number (Comrie, 2005). This 
means that a semantic route is undoubtedly involved, e.g., in Supyire, a language used in 
south-eastern Mali, 799 is represented as 400 + (4 x 80) + (3 x 20) + {10 + (5 + 4)}, or in 
Roman 337 is CCCXXXVII which would be (100 + 100 + 100) + (10 + 10 + 10) + (5 + 2). It 
is obvious that processing these numbers without activating the semantic route is impossible. 
However, in many languages using the base of 10 (such as the German and Japanese number 
word systems), the involvement of a semantic representation is not that obvious, and more 
evidence is needed to justify the assumption of a semantic mode. 
 
Nuerk et al. (2005) - in a study comparing German and English speaking participants - found 
that the structure of two-digit number words influences responses to magnitude comparisons 
for numbers written in Arabic digits. This implies that even in a nonverbal task the verbal 
representation is co-activated in magnitude comparison. This idea that the verbal form 
influences magnitude representation again favours semantic models rather than asemantic 
models.  
 
In summary, both, the asemantic as well as the semantic transcoding models, can be used as 
explanatory frameworks, but none of them succeeds to completely account for all kinds of 
language-specific properties or the different ways of transcoding. Therefore, both are not 
universally valid but need some modifications. However, findings in other research fields than 
transcoding are more in favour of a semantic representation of quantity to be build when 
reading or hearing a number. Furthermore, this representation is supposed to be influenced by 
the linguistic structure of the number and the representation is different in different languages.  
 
5.2. TEDI-MATH 
 
Base-ten and place-value understanding 
 
The main goal of administering the parts base-ten and place-value understanding as well as 
addition from the TEDI-MATH was to find out how children using different number word 
systems differ in these numerical tasks. Again, German children were expected to have more 
difficulties due to their more intransparent number word system. Additionally we wanted to 
examine how transcoding performance is related to these mathematical skills.  
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The Japanese language stresses the grouping by ten structure much more than the German 
language, and Japanese first grade children were expected to show better performance than 
their German counterparts in the base-ten understanding task. This was indeed the case and 
Japanese first graders outperformed their German counterparts easily. These findings can be 
attributed to linguistic difference because none of the children (in both groups) were yet 
taught base-ten constructions in school at this age. This is consistent with findings described 
in the literature (Miura et al., 1994).  
 
However, in the place-value task the difference was not that clear. This task showed that 
children were not confident enough to handle the task until they got systematic teaching at 
school: in the German group, children had not been taught this type of problem and nobody 
was able to identify the units, decades and hundreds correctly. In the Japanese sample the 
results were the same until they had discussed the place-value system of the Arabic numbers 
at school. After that, performance increased dramatically. So place-value understanding could 
not be attributed to linguistic differences but also systematic instruction has to be considered 
(for different findings see Miura & Okamoto, 2003). Nonetheless, syntactic errors in the 
transcoding task such as inversion or additive composition errors display difficulties with the 
place-value understanding. As described above, this error type was much more frequent in 
German first graders in the transcoding task, indicating that German children had more 
problems with the place-value understanding than their Japanese counterparts. 
 
In summary, the hypothesis that Japanese children have an advantage over German children 
in base-ten as well as place-value understanding because of their more transparent link to the 
Arabic number system could be accepted. Because place-value understanding is of great 
importance when performing calculation, e.g., addition, these findings also should have an 
impact on the next subject of discussion.  
 
Addition 
 
Several aspects of the Japanese number word system facilitate calculation, and especially 
carrying, for Japanese first graders (also see section 1.4.4. Differences between the German 
and Japanese number word systems). In our study, all addition tasks (without and with 
carrying) were clearly better solved by Japanese children. The language of mathematics could 
indeed play an important role for explaining this performance difference because the 
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curriculum was the same in both groups: children had learned to calculate only up to 20. 
However, the clear performance difference in the first two subgroups of the addition task that 
dealt with numbers smaller than 20 was weakened in the third subgroup where the sum 
exceeded 20. Exactly this part was expected to reveal the advantage of Japanese children 
more than the other two parts because addition in this range had not been a subject of teaching 
at school. And if a transparent number word system indeed facilitates calculation, the 
difference should be even more clear in tasks not yet taught systematically. However, the 
Japanese children did not show this clear performance difference. Thus one may also assume 
that the performance differences in the first two subgroups could be accounted for more by 
teaching and training differences than by linguistic reasons (i.e., Japanese children were just 
better trained to calculate in this range than their German counterparts).  
 
Altogether, we were able to replicate some findings that are in favour of Asian children 
(Geary et al., 1992; Miura & Okamoto, 2003), but we were not able to explicitly attribute 
these results to linguistic reasons. 
 
5.3. Possible reasons for performance difference 
 
Performance difference for children using different number word systems in various 
mathematical tasks (e.g., transcoding, counting, base-ten and place-value understanding, 
calculation) have often been explained mainly by linguistic or cultural reasons (e.g., Miller et 
al., 1995; Miura & Okamoto, 2003). However, doubt as to whether differences in trans-
linguistic studies are in fact due to language or are more due to other language-independent 
factors have been expressed before (Brysbaert et al., 1998; Saxton & Towse, 1998; Towse & 
Saxton, 1997). Often the difference could not be assigned clearly to one factor but was rather 
a mixture of different factors.  
 
For instance, Seron and Fayol (1994) reported that the transcoding performance of their 
French and Walloon children were better than the performance of U.S. children described in 
the literature (Fuson, 1990), although they used the more complex verbal number system. The 
authors provided three possible reasons for this observation. First of all it could have been 
because of sampling bias since they had only examined children who had not been noted to 
have difficulties in mathematics while the U.S. children had been recruited from an unselected 
sample. Second, it could have been due to different instructional methods at school. Finally, 
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they even suggested that the opacity of the French number word system could paradoxically 
have provided some beneficial effect; e.g., they did not observe transcoding errors such as 
“fourteen” → 41 which were observed in U.S. children. They argued that intransparent 
compositions (“quatorze” is more difficult to relate to “quatre” than “fourteen” to “four”) 
could result in children learning them as compact units.  
 
Regarding their first point, the sampling bias, it is important to note that in the present study 
children of both groups were matched as closely as possible: only children who had not been 
noted for having difficulties in mathematics participated in our study, and the teaching 
curriculum as well as the frequency of mathematics lessons was the same in both language 
groups. Still, a quasi-experimental design can always contain inevitable confounds. School- or 
even home-related factors - such as the frequency of the number word systems used in daily 
life - cannot be controlled and influence children’s mathematics skills. These factors therefore 
should always be considered when comparing performance differences of two different 
language groups with each other, and even more when comparing children from different 
cultural backgrounds, as was the case in this study. 
 
Different instructional methods, not at school but during the test, were also the reason for 
performance difference observed in a place-value test by Saxton and Towse (1998). The 
authors found that when instructed adequately, English speaking children showed similar 
place-value understanding as compared to their Japanese counterparts and concluded that 
performance differences were due to teaching differences and not due to a more transparent 
number word system. However, in the present study neither the German nor the Japanese 
children had been taught base-ten structures systematically. Also, the instructions given in this 
study did not differ for the two language groups. Still, our data showed that German children 
in fact committed more syntactic errors than Japanese first graders in all tasks. This can not be 
explained by the nature of instructions but rather supports the suggestion of Miura and 
colleagues (1988) that Asian children have an advantage in mathematics due to their 
transparent number word systems.   
 
Finally, intransparent structures in our study consistently caused more errors which make it 
unlikely that opacity can be beneficial for the acquisition of transcoding. Moreover, the errors 
were related to the particular intransparencies of the number word system. 
 
  60 
In Asia, mathematics performance play a more important role than in Western cultures (e.g., 
Stevenson & Lee, 1990) and children are trained and supported to a greater extent by parents 
and teachers (e.g., Song & Ginsburg, 1987, Stevenson et al., 1990). The children also have 
different attitudes towards the relative influence of effort on academic achievement (e.g., 
Stevenson & Nerison-Low, 2000). Yet, in children as young as the first graders of this study, 
these factors still did not have enough time to come into play substantially. Furthermore, our 
data indicate that these factors do not seem to be the only ones which influence performance 
as they explain better overall performance in Japanese children; however, we observed 
various specific differences in the error patterns of the two language groups. This cannot be 
explained by a pure general learning, education or culture hypothesis. 
 
In addition to the transparency of the number word system, a good base-ten understanding 
was found to predict transcoding performance, which in turn also was found to predict 
addition skills. Hence, the tasks and representations examined in this study should also not be 
seen and analysed individually but more in interaction with each other and as influencing each 
other.  
 
In the present study also gender differences in the frequency of inversion errors in the reading 
task were detected. Similar results were described by Zuber et al. (2009; Zuber, 2007) who 
found children’s gender to influence their transcoding performance besides working memory 
and IQ: girls tended to make more transcoding errors even when working memory and IQ 
performance were comparable. Krinzinger, Kaufmann, Nuerk and Willmes (2007) also found 
gender differences that favour boys in other tasks of the TEDI-MATH, namely in number 
comparison, base-ten understanding and in some aspects of exact computation. The authors 
interpreted these findings to be due to an earlier mastery of the base-ten system of multi-digit 
numbers. So far, these and other aspects that influence mathematics performance like visuo-
spatial skills and math anxiety have been neglected to a large extent in transcoding studies.    
 
To sum up, data in favour of linguistic influence on young children’s mathematical abilities 
was found; however, some findings are more clear-cut than others. The transcoding task 
showed that German children not only produced many more errors, but that these errors 
reflect the intransparency of the verbal number. In the TEDI-MATH part, the base-ten 
understanding task showed an influence of language that can not be neglected. In contrast to 
this, performance in the place-value understanding task of the TEDI-MATH in turn was 
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explained by teaching differences. However, syntactic errors mirroring problems with the 
place-value understanding in the transcoding tasks were more often in German children than 
in Japanese children indicating greater problems for place-value understanding for German 
than for Japanese children. The results in the addition task are somewhat ambiguous since 
Japanese children were not that much better in the third part (sums exceeding 20, i.e. the 
range that had not yet been taught at school). But altogether, the present findings point to a 
similar superiority of Japanese children as described before in literature.  
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6. Summary, conclusion and perspectives 
 
The aim of this study was to examine whether a linguistic influence on basic mathematical 
tasks such as transcoding from the Arabic to the verbal form and vice versa can be found, and 
whether this linguistic influence also extends to more specific aspects like base-ten and place-
value understanding and addition (with and without carrying). For this purpose, mathematical 
performance of Japanese first graders who use a very transparent number word system was 
compared to that of German fist graders who use a rather intransparent and inconsistent 
number word system.  
 
For transcoding and base-ten understanding a Whorfian hypothesis could be corroborated. We 
found a clear impact of the language the first graders were using to solve the mathematics 
problems: Japanese children showed much better results than did their German counterparts, 
and in the transcoding tasks the errors even reflected the specific intransparencies of the 
respective verbal system. Especially syntactic errors that indicate problems with the place-
value understanding (inversion errors, additive composition errors) were a big problem for 
German first graders in this study. In fact, good transcoding skills and base-ten and place-
value understanding are prerequisites to carry out addition. Therefore it was not surprising 
that more Japanese children showed better performance in this task. However, when carrying 
out trans-linguistic or also trans-cultural studies, language-independent factors always have to 
be considered as well. These factors include school and home experience, but several other 
factors - such as working memory, gender, or visuo-spatial skills - have also been reported to 
influence arithmetic performance, and the connection and interaction of these factors still 
need more clarification.   
 
It is concluded that the transparency of the Japanese number-word system fosters accurate 
understanding and acquisition of the correspondence between Arabic number and oral number 
words. This better understanding leads to better transcoding performance and may also help in 
the acquisition of other mathematical skills.  
 
The second core representation of the triple-code model by Dehaene (1992), the verbal 
representation, is used for transcoding, and we could show that language influences 
transcoding performance. Moreover, the internal representation of numerical quantity is likely 
to retain linguistic properties such as inversion. Transcoding models can be seen as sub-
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models of this triple-code model and it was further discussed which type of transcoding 
models (asemantic/semantic) could better account for our findings in the transcoding tasks. 
Although semantic models seem to offer a more plausible explanation for how transcoding is 
carried out, none of the models considered in the present study was universally valid and 
therefore each model would need some modification and adaptation for language specifics 
like the German inversion property. Future investigations will need to further explore whether 
transcoding is carried out via an asemantic or a semantic route and how the models can be 
modified.  
 
To summarise, more verbal number systems with their irregularities and linguistic specialties 
need to be examined and how they influence children’s transcoding performance. These 
studies should be conducted in a longitudinal approach so that the different steps of 
acquisition of transcoding can be followed in more detail. With new findings from such 
studies current transcoding models can be augmented so that they can account for different 
language properties. However, one has always to keep in mind that - apart from language - 
there are many other factors influencing transcoding as well as other mathematical abilities. 
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8. Appendix 
German children 
 
Tedi-Math (ausgewählte Aufgaben) 
 
Name________________ 
Klasse _______________ 
Datum _______________ 
Geburtstag ___________ 
 
 
 
8.1 Repräsentation mit Stäbchen 
 
Hier sind Pakete mit Stäbchen, und zwar sind in jedem Paket 10 Stäbchen. Wenn ich jetzt@ 
Stäbchen habe, wie viele Pakete und wie viele Stäbchen habe ich dann? 
 
Nummer Aufgabe Anzahl Pakete Anzahl Stäbchen Punkte 
4 14   1-0 
5 20   1-0 
6 8   1-0 
7 36   1-0 
 
Du weißt, dass immer 10 Stäbchen in einem Paket sind.  
a) Ich habe 15 Stäbchen, davon möchte ich 7 Stäbchen meinem Freund geben. Muss 
ich dafür ein Paket öffnen oder reichen die einzelnen Stäbchen aus? 
b) Warum muss ich ein Paket öffnen? 
 
Nummer Aufgabe Antwort Begründung Punkte 
8 15 Stäbchen → 7   1-0 
9 29 Stäbchen → 6   1-0 
10 16 Stäbchen → 5   1-0 
11 32 Stäbchen → 4   1-0 
 
Punkte:_________ 
 
 
 
10 Erkennen von Einer-, Zehner- und Hunderterstellen  
 
Hier sind einige Zahlen aufgeschrieben. Kannst du mir jeweils die  
a) Einer-  
b) Zehner-  
c) Hunderter-Stelle zeigen? 
 
a) 
Nummer Aufgabe Antwort Punkte 
1 28  1-0 
2 13  1-0 
3 10  1-0 
4 520  1-0 
5 709  1-0 
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b) 
Nummer Aufgabe Antwort Punkte 
6 20  1-0 
7 15  1-0 
8 37  1-0 
9 650  1-0 
10 405  1-0 
 
c) 
Nummer Aufgabe Antwort Punkte 
11 740  1-0 
12 4291  1-0 
13 803  1-0 
14 5072  1-0 
15 63891  1-0 
 
Punkte:_________ 
 
 
 
20 Einfache Additionen 
 
Stopp nach 5 aufeinander folgenden Fehlern 
Lesen Sie dem Kind die erste Aufgabe vor: „zwei plus zwei, wie viel ergibt das insgesamt?“ 
 
Rechne jetzt bitte jede Aufgabe im Kopf und sage mir dann die Antwort! 
 
Nummer Inhalt Lösung Antwort Punkte 
1 2 + 2 4  1-0 
2 0 + 8 8  1-0 
3 6 + 3 9  1-0 
4 5 + 0 5  1-0 
5 3 + 5 8  1-0 
6 4 + 6 10  1-0 
7 7 + 7 14  1-0 
8 9 + 4 13  1-0 
9 6 + 8 14  1-0 
10 5 + 7 12  1-0 
11 20 + 8 28  1-0 
12 32 + 14 46  1-0 
13 20 + 30 50  1-0 
14 28 + 41 69  1-0 
15 24 + 18 42  1-0 
16 28 + 34 62  1-0 
17 45 + 16 61  1-0 
18 35 + 17 52  1-0 
 
 
Punkte:_________ 
 
Zeit: _____Minuten_____Sekunden 
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Erkennen von Einern (10) 
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Erkennen von Zehnern (10) 
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Erkennen von Hundertern (10) 
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Transkodierungsstimuli Lesen 
 
 
 
 
Nummer Stimulus Bemerkung Punkte 
Ü1 16   
Ü2 3   
1 101  1-0 
2 117  1-0 
3 70  1-0 
4 56  1-0 
5 400  1-0 
6 39  1-0 
7 90  1-0 
8 5  1-0 
9 160  1-0 
10 95  1-0 
11 62  1-0 
12 190  1-0 
13 1000  1-0 
14 41  1-0 
15 9  1-0 
16 109  1-0 
17 800  1-0 
18 119  1-0 
19 700  1-0 
20 19  1-0 
21 2  1-0 
22 17  1-0 
23 53  1-0 
24 30  1-0 
25 180  1-0 
26 26  1-0 
27 6  1-0 
28 40  1-0 
29 140  1-0 
30 60  1-0 
31 7  1-0 
32 134  1-0 
33 106  1-0 
34 1  1-0 
35 8  1-0 
36 80  1-0 
37 78  1-0 
38 11  1-0 
39 600  1-0 
40 118  1-0 
41 18  1-0 
42 24  1-0 
43 100  1-0 
44 73  1-0 
45 97  1-0 
46 152  1-0 
47 104  1-0 
48 20  1-0 
49 13  1-0 
50 34  1-0 
51 48  1-0 
52 84  1-0 
53 127  1-0 
54 10  1-0 
55 114  1-0 
56 16  1-0 
57 14  1-0 
58 15  1-0 
59 27  1-0 
60 89  1-0 
61 4  1-0 
62 173  1-0 
63 50  1-0 
64 69  1-0 
65 12  1-0 
66 3  1-0 
67 94  1-0 
 
Punkte:_________ 
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Transkodierungsstimuli Schreiben 
 
 
 
 
Nummer Stimulus Bemerkung Punkte 
Ü1 3   
Ü2 44   
1 1  1-0 
2 75  1-0 
3 15  1-0 
4 6  1-0 
5 150  1-0 
6 87  1-0 
7 51  1-0 
8 14  1-0 
9 4  1-0 
10 13  1-0 
11 11  1-0 
12 9  1-0 
13 37  1-0 
14 1000  1-0 
15 136  1-0 
16 10  1-0 
17 7  1-0 
18 125  1-0 
19 3  1-0 
20 91  1-0 
21 16  1-0 
22 2  1-0 
23 103  1-0 
24 68  1-0 
25 5  1-0 
26 900  1-0 
27 102  1-0 
28 107  1-0 
29 30  1-0 
30 17  1-0 
31 20  1-0 
32 19  1-0 
33 79  1-0 
34 500  1-0 
 
Punkte:_________ 
 
 
 
 
 
35 115  1-0 
36 112  1-0 
37 93  1-0 
38 70  1-0 
39 90  1-0 
40 50  1-0 
41 43  1-0 
42 8  1-0 
43 29  1-0 
44 300  1-0 
45 96  1-0 
46 116  1-0 
47 60  1-0 
48 100  1-0 
49 82  1-0 
50 28  1-0 
51 80  1-0 
52 200  1-0 
53 105  1-0 
54 172  1-0 
55 130  1-0 
56 153  1-0 
57 18  1-0 
58 40  1-0 
59 113  1-0 
60 120  1-0 
61 54  1-0 
62 25  1-0 
63 64  1-0 
64 12  1-0 
65 170  1-0 
66 46  1-0 
67 32  1-0 
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Japanese children 
 テディ・マット(選ばれた問題)  
 
名前________________ 
クラス _______________ 
年月日 _______________ 
誕生日 ___________ 
ドイツに住んでいる期間________________ 
幼稚園________________ 
 
 
8.1 束と棒の問題 
 
ここに棒が束になってまとめてあるんだけど、１束にはいつも棒が１０本あります。棒を@
本手にとったら、束は何個で棒は何本か分かるかな？ 
 
No. 問題 束 何個 棒 何本 点数 
4 14   1-0 
5 20   1-0 
6 8   1-0 
7 36   1-0 
 
１束にはいつも棒が１０本あるよね。 
c) 今度、棒を１５本持ってるとして、友達に７本あげたいんだけど、そのためには束
を開けないといけない？それとも、ばらばらになっている棒だけでたりる？ 
d) 何で束を開けないといけないの？ 
 
No. 問題 答え 理由 点数 
8 15 棒→ 7   1-0 
9 29 棒→ 6   1-0 
10 16 棒→ 5   1-0 
11 32 棒→ 4   1-0 
 
点数:_________ 
 
 
10 一、十、百の位の見分け  
 
ここに数字がいくつかあります。 
d) 一の位 
e) 十の位  
f) 百の位の数字だけ見せてくれる? 
 
a) 
No. 問題 答え 点数 
1 28  1-0 
2 13  1-0 
3 10  1-0 
4 520  1-0 
5 709  1-0 
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b) 
No. 問題 答え 点数 
6 20  1-0 
7 15  1-0 
8 37  1-0 
9 650  1-0 
10 405  1-0 
 
c) 
No. 問題 答え 点数 
11 740  1-0 
12 4291  1-0 
13 803  1-0 
14 5072  1-0 
15 63891  1-0 
 
点数:_________ 
 
 
 
20 簡単な足し算 
 
連続間違い５個後、停止 
子供に最初の問題を読んであげましょう＜二たす二、あわせて何だか分かる？＞ 
 
これから、どの問題も暗算して答えを教えてね。 
 
No. 問題 正解 答え 点数 
1 2 + 2 4  1-0 
2 0 + 8 8  1-0 
3 6 + 3 9  1-0 
4 5 + 0 5  1-0 
5 3 + 5 8  1-0 
6 4 + 6 10  1-0 
7 7 + 7 14  1-0 
8 9 + 4 13  1-0 
9 6 + 8 14  1-0 
10 5 + 7 12  1-0 
11 20 + 8 28  1-0 
12 32 + 14 46  1-0 
13 20 + 30 50  1-0 
14 28 + 41 69  1-0 
15 24 + 18 42  1-0 
16 28 + 34 62  1-0 
17 45 + 16 61  1-0 
18 35 + 17 52  1-0 
 
 
点数:_________ 
 
時間: _____分_____秒 
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一の位 (10) 
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十の位 (10) 
  84 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
百の位 (10) 
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Transkodierungsstimuli 読む 
 
 
 
 
No. 問題 コメント 点数 
Ü1 16   
Ü2 3   
1 101  1-0 
2 117  1-0 
3 70  1-0 
4 56  1-0 
5 400  1-0 
6 39  1-0 
7 90  1-0 
8 5  1-0 
9 160  1-0 
10 95  1-0 
11 62  1-0 
12 190  1-0 
13 1000  1-0 
14 41  1-0 
15 9  1-0 
16 109  1-0 
17 800  1-0 
18 119  1-0 
19 700  1-0 
20 19  1-0 
21 2  1-0 
22 17  1-0 
23 53  1-0 
24 30  1-0 
25 180  1-0 
26 26  1-0 
27 6  1-0 
28 40  1-0 
29 140  1-0 
30 60  1-0 
31 7  1-0 
32 134  1-0 
33 106  1-0 
34 1  1-0 
35 8  1-0 
36 80  1-0 
37 78  1-0 
38 11  1-0 
39 600  1-0 
40 118  1-0 
41 18  1-0 
42 24  1-0 
43 100  1-0 
44 73  1-0 
45 97  1-0 
46 152  1-0 
47 104  1-0 
48 20  1-0 
49 13  1-0 
50 34  1-0 
51 48  1-0 
52 84  1-0 
53 127  1-0 
54 10  1-0 
55 114  1-0 
56 16  1-0 
57 14  1-0 
58 15  1-0 
59 27  1-0 
60 89  1-0 
61 4  1-0 
62 173  1-0 
63 50  1-0 
64 69  1-0 
65 12  1-0 
66 3  1-0 
67 94  1-0 
 
点数:_________ 
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Transkodierungsstimuli 書く 
 
 
 
 
No. 問題 コメント 点数 
Ü1 3   
Ü2 44   
1 1  1-0 
2 75  1-0 
3 15  1-0 
4 6  1-0 
5 150  1-0 
6 87  1-0 
7 51  1-0 
8 14  1-0 
9 4  1-0 
10 13  1-0 
11 11  1-0 
12 9  1-0 
13 37  1-0 
14 1000  1-0 
15 136  1-0 
16 10  1-0 
17 7  1-0 
18 125  1-0 
19 3  1-0 
20 91  1-0 
21 16  1-0 
22 2  1-0 
23 103  1-0 
24 68  1-0 
25 5  1-0 
26 900  1-0 
27 102  1-0 
28 107  1-0 
29 30  1-0 
30 17  1-0 
31 20  1-0 
32 19  1-0 
33 79  1-0 
34 500  1-0 
35 115  1-0 
36 112  1-0 
37 93  1-0 
38 70  1-0 
39 90  1-0 
40 50  1-0 
41 43  1-0 
42 8  1-0 
43 29  1-0 
44 300  1-0 
45 96  1-0 
46 116  1-0 
47 60  1-0 
48 100  1-0 
49 82  1-0 
50 28  1-0 
51 80  1-0 
52 200  1-0 
53 105  1-0 
54 172  1-0 
55 130  1-0 
56 153  1-0 
57 18  1-0 
58 40  1-0 
59 113  1-0 
60 120  1-0 
61 54  1-0 
62 25  1-0 
63 64  1-0 
64 12  1-0 
65 170  1-0 
66 46  1-0 
67 32  1-0 
 
 
点数:_________ 
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